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ABSTRACT:. Ca"-mediated interactions between the carbohydrate groups of glycolipids, including that of
cerebroside sulfate (galactosylceramidesulfate), have recently been implicated as a basis of cell
recognition and adhesion. Hydroxylation of the fatty acid of this lipid has an effect on these interactions.
Therefore, FT-IR spectroscopy was used to study the interaction ©f With semisynthetic hydroxy
(HFA) and non-hydroxy fatty acid (NFA) species of cerebroside sulfate (CBS}+ CGaused partial
dehydration of the sulfate group and reduced hydrogen bonding of the sugar hydroxyls of both species.
The amide | and Il bands of the lipids in the absence GfFGQhlH,* salt forms) suggested that the-M

of the HFA species is involved in a bent intramolecular hydrogen bond, probably with the fatty acid
hydroxyl group and the glycosidic oxygen, while that of the NFA species is involved in a linear
intermolecular hydrogen bond with the<© and/or other oxygens. €acaused a rearrangement of the
hydrogen-bonding network in the interfacial region of the HFA species involving the amide group. The
results suggested increased hydrogen bonding of +i® @nd a shift in hydrogen bonding of the-W

of the C&" salt form of the HFA species from a bent intramolecular hydrogen bond to a linear
intermolecular hydrogen bond, probably with the=eQ of neighboring molecules, similar to the NFA
species. The involvement of the fatty aciehydroxyl group in the rearranged network was indicated by

a reduction in mobility of thex-CH group of the HFA species, in contrast to that of the NFA species.
Participation of thex-OH group in hydrogen-bonding networks in the interfacial region of both thg"NH

and C&" salt forms caused a significant increase in the interchain packing, as evident from correlation
field splitting of the HFA-CBS methylene scissoring mode, while this did not occur for the NFA species.
The absence of intramolecular hydrogen bonding of theHNwith the glycosidic oxygen for both salt
forms of the NFA species and for the €aalt form of the HFA species may destabilize the “bent shovel”,
bilayer planar conformation of the sugar and cause it to be in the extended, bilayer perpendicular
conformation. Calculations of the three-dimensional interaction energy?sfWdth CBS showed strong
binding around the sulfate and the surface of galactose facing the bilayer in the bent shovel conformation.
C&* binding at this surface would disrupt intra- and intermolecular hydrogen-bonding interactions of the
head group, thus accounting for its effect in inducing a transition to the extended conformation.

Calcium-mediated interactions between cell surface car- interaction may play a role in adhesion of the extracellular
bohydrates including those on glycolipids have recently been surfaces of myelin. However, the structure of the complex
implicated as a basis of cell recognition and adhesion andand its relationship to its function in myelin are still
have therefore been the subject of increasing interest (Eggensinknown.
et al., 1989; Hakomori, 1991; Misevic & Burger, 1993). A - .
Ca*-mediated interaction between cerebroside sulfate (EBS) These glycolipids contain nUMEerous hydroxyl groups plus
and galactosylceramide (GalCer), the two major glycolipids the Sulfate group on CBS which could chelate with*Ca
of myelin, has recently been found to occur (Hakomori, 1991; nd hydrogen bond with each other. In myelin, they contain
Stewart & Boggs, 1993; Koshy & Boggs, 1996). This botha-hydroxylated fatty acids (HFA) and non-hydroxy fatty
acids (NFA) (Norton, 1977). Using X-ray crystallography,
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but recent studies of semisynthetic NFA and HFA species under the same conditions with media containing no lipid.
of CBS by differential scanning calorimetry indicate that the Hydrated samples were studied by sedimenting the lipid in
hydroxy fatty acid increases the phase transition temperature a suspension prepared as described above, by centrifugation
suggesting that it contributes to the stability of the gel phase in an Eppendorf centrifuge for 5 min. The supernatant was
by participating in the hydrogen-bonding network (Boggs removed, and the wet pellet was mounted between twg CaF
et al.,, 1988). The HFA species of both CBS and GalCer windows. The temperature was controlled by means of a
were found to result in greater €amediated interaction  cell jacket of circulating water connected to a thermocouple.
between liposomes containing these lipids than the NFA During data processing, the spectrometer was continuously
species (Stewart & Boggs, 1993). purged with high-purity argon to eliminate the spectral

Fourier transform infrared (FT-IR) spectroscopy is an contribution of atmospheric vapor. For data analysis, all
excellent technique for investigation of the structure of spectral files were imported to Spectra Calc (Galactic
cation-lipid complexes and elucidation of groups which Industries Corp., Salem, NH) which makes use of the
participate in interaction with cations or hydrogen bonding Savitzky-Golay convolution method (Savitzky & Golay,
(Casal et al., 1987). In order to understand the role of the 1964). Resolution enhancement techniques were used in
fatty acid hydroxyl group in the conformation of the lipid order to separate the unresolved bands. Spectra were
and its interactions with G4, and as a first step toward subjected to both deconvolution and second derivative
elucidation of the structure of the heterotypic complex of routines. Only features observed by both techniques were
Ca* with CBS and GalCer, in the present study we compare assigned and analyzed.
the FT-IR spectra of the HFA C18:0h and NFA C18:0  Molecular Modeling Atomic coordinates for HFACBS
semisynthetic species of CBS and analyze the conformationalwere generated on the basis of the crystal structuye mf
changes that occur during their interactions witif'Cawe galactosyIN-(2-p-hydroxyoctadecanoyly-dihydrosphin-
were able to determine the effect of thehydroxyl group gosine (HFA-GalCer) (Pascher & Sundell, 1977). A sulfate
on the intramolecular and intermolecular hydrogen-bonding group was added to the 3-position of galactose, and the
interactions of CBS, localize some of the molecular sites torsion angles of the galactose@sulfate moiety were
which interact with C&", and determine the effect of &a adjusted to conform to the conformation in the crystal
on the hydrogen-bonding interactions of the interfacial region structure of methyl-p-galactopyranoside-3-(sodium sulfate)
and on the conformation of the carbohydrate head group. monohydrate (Polvorinos et al., 1994). With regard to the

galactose-ceramide linkage, two different conformations

MATERIALS AND METHODS were considered, the bent shovel conformation which exists
in the crystal structure of HFAGalCer (Pascher & Sundell,
1977) and a conformationy(= 18C°, 6, = 18C) in which
the galactose is parallel to the lipid chains and extended away
from the ceramide. These two conformations have been
calculated using molecular mechanics (MM3) to be the two
' lowest energy conformations for both NFA and HFA
glucosylceramide at values of the solvent dielectric constant
. . . . of 4—80 [see conformers 2 and 5 in Nyholm and Pascher
gggr::t;zze(rmcé?]?knﬁIza::g%'agaggigvg;’ NJ) and purified as (1993a,b)]. Coordinates for the NFA species of CBS in its

' ' bent shovel and extended conformations were generated by

_Sample Preparation About 1.5 mg of dry lipid was  ggletion of thea-OH group of the corresponding HFA
dispersed by vortexing in 1 mL of . In order to ensure  ~gs conformations.

complete hydration, the multilamellar lipid vesicles were
heated to about 90C, vortexed several times, and then
cooled to room temperature. An aliquot of a 1.0 M GaCl
solution was added to the suspension in order to obtain a
final salt concentration of 2 mM Cagand an approximately
equimolar ratio of C& to CBS.

Chemicals Semisynthetic stearoyl species of C18:0h
CBS (HFA-CBS) and C18:6CBS (NFA-CBS) were
prepared and purified according to the procedure reported
earlier (Koshy & Boggs, 1983). In the absence of added
cations they are in the ammonium salt form (Koshy & Boggs
1996). DO (99.9%) was obtained from Merck, Sharp and
Dohme (Montreal, Canada). Ca€dH,O was purchased

In order to locate favorable binding sites for*Cand
NH,* on the CBS head group, calculations were carried out
with the GRID program (Goodford, 1985). A solvent
dielectric constant of 10 was used to approximate the
dielectric properties of the microenvironment at the mem-

h d 4 hvdrated | brane surface. The interaction energy between the ionic
FT-IR (;\(Ie;;ur(_amentzBot ry and hydrate shamp esl probe and the target molecule was evaluated every 0.5 A in
were studied by infrared spectroscopy. Most of the results y,q, v andz directions. The results were visualized using

shown in the f'QU“?S and Q|scqssed, unless cheanse n_Otedthree-dimensional contours superimposed on the molecular
were conducted with dry films in order to avoid overlapping g4 ,ctyre. All molecular manipulation and graphics were

of the sulfate region with BD. Dry films of the lipid ~canjeq out using the ChemX program (Chemical Design,
suspension were prepared as follows: a drop of the lipid | ;4 Oxford).

suspension was layered on a Gakndow and allowed to

dehydrate, under vacuum in a desiccator, over a period of ResyLTS

about 24 h. Some bound water is probably still present

although it was not detectable in the spectrum. Infrared Interfacial Regionr-Amide Group The amide group
spectra of these dried samples were measured in a Bruketinking the fatty acid chain to sphingosine provides an
FT-IR spectrometer, model IFS 48, equipped with a germa- important potential site for investigation of the intramolecular
nium-coated KBr beam splitter and DTGS detector. Typi- and/or intermolecular hydrogen-bonding interactions of the
cally, 100 interferograms were collected, coadded, and interfacial region of CBS by FT-IR spectroscopy. The amide
Fourier transformed to yield a resolution of 2 chafter | band arises principally from the=€0 stretching vibration
triangular apodization. Reference spectra were recordedwith a small contribution of €N stretching and NH
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bending (Bandekar, 1992), while the amide 1l band between 1 2
1580 and 1500 cnt is essentially an NH bending vibration

strongly coupled to €N stretching (Lee et al., 1986). An A

X-ray crystallography study on a synthetic HFA species of
GalCer (Pascher & Sundell, 1977) indicated that the amide
C=0 is involved in intermolecular hydrogen bonding with
both the hydroxyl of the sphingosine chain and the 3-OH
group of the sugar head group of neighboring molecules
while the amide N-H forms a bifurcated intramolecular
hydrogen bond with the fatty acid hydroxyl group and the
oxygen of the glycosidic linkage. In addition to intramo-
lecular hydrogen bonding with the-NH group, the fatty acid
hydroxyl group is hydrogen bonded intermolecularly to the
4-OH group of the sugar. FT-IR spectra of the HFA species 3
of GalCer in water were consistent with the involvement of B

the N—H in an intramolecular hydrogen bond but indicated
that in the NFA species the-\H was involved in a linear
intermolecular hydrogen bond, possibly with the=Q, since

the CG=0 of the NFA species was involved in stronger
hydrogen-bonding interactions than that of the HFA species
(Lee et al., 1986).

The effect of the hydroxyl group of the fatty acid of CBS
on the strength of the hydrogen-bonding interactions of the
C=0 can be determined by comparison of the spectra of
the amide | region of C18:0hCBS and C18:6CBS. The
amide | band of a dry film of the ammonium salt form of
C18:0-CBS was shifted to a lower frequency relative to
C18:0h-CBS (Figure 1A), indicative of a more strongly 1660 1620 1620 T 1600
hydrogen-bonded €0 group for the NEF"—NFA species.

Deconvolution of the amide | spectral region of the NFA IGURE 1. Amide | C=0 stretching region of the infrared spectra
spe_?es_revealed two intense bands located at 1614 and 164%f a dry fim of HEA— and NEA GBS (A) Original spectrr.)a o

cm (Flgure 1B, curve 3) while that of the HFA species NH," salt of HFA-CBS (1) and NFA-CBS (2). (B and C)
revealed three different bands at 1622, 1632, and 1652 cm Deconvolved spectra of (3) N# salt of NFA-CBS, (4) C&" salt
(Figure 1C, curve 5). The frequencies of these bands areof NFA—CBS, (5) NH,* salt of HFA—CBS, and (6) C#& salt of
summarized in Table 1. Site symmetry splitting of IR bands HFA—CBS. The spectra were deconvoluted using a break point
can occur either when the motional freedom of the molecule gzg@ g‘st?ﬁozg”ige{lgd)o;?ﬂn('C)(?lf)r&'ffh'gsg‘%nazifg)rtéeghfgvf/';]e fdind
is reduced, as a consequence of crystallization, or if the jger range.

symmetry of the molecule is lowered (Nokamoto, 1978). The

former was found to occur for short-chain species of bonded G=O groups (Wong & Mantsch, 1988). Similar
phosphatidylcholine or glycosyldiacylglycerol in a stable results have been observed for the estefO0groups of both
subgel phase in which the acyl chains were in a rigid thesn1 andsn2 chains of phosphatidylcholine, indicating
crystalline structure (Lewis & McElhaney, 1990; Lewis et that this lipid also occurs as two instantaneous subpopulations
al., 1990). However, hydrated samples of the ammonium of lipid whose G=0 groups are involved in different degrees
salt form of CBS had similar spectral behavior as dry films, of hydrogen bonding (Blume et al., 1988; Lewis & McEI-
although the bands were shifted to higher frequencies (Tablehaney, 1992). Similar results were also reported for hydrated

680 1640 1600

Wavenumber (cm-1)

1), suggesting that restriction of the mobility of the=O samples of GalCer (Lee et al., 1986) and glucosylcerebroside
was not the cause of the appearance of two or more spectra(GluCer) (Mueller & Blume, 1993) and for the C26:0 species
components. of CBS (Nabet et al., 1996).

In an FT-IR study of hydrated natural bovine brain CBS  The higher frequency of all components of the amide |
containing a mixture of the NFA and HFA species by Tupper band of the HFA species relative to the major component of
et al. (1992), the amide | spectral region also displayed two the NFA species at 1614 crhindicates that all populations
components, at 1619 and 1647 ©m On the basis of their  of the ammonium salt form of HFACBS have more weakly
spectra of anhydrous NFA and HFA species of GalCer, the hydrogen-bonded<€0O groups than the predominant NFA
authors concluded that the low-frequency band originated CBS population. The amide Il band of a dry film of NFA
from the HFA species of CBS and the high-frequency CBS occurred at 1549 crh(Figure 2C), considerably higher
component originated from the NFA species of CBS. In than that for HFA-CBS at 1541 cm' (Figure 2A). The
contrast, our results show clearly that this spectral region of higher frequency of the amide Il band of NFABS
each species of CBS has two or more components. Weindicates participation of theNH in a linear intermolecular
believe that this effect is due to the existence of two or more hydrogen bond, i.e., in a plane perpendicular to theHN
populations of amide €0 groups for each of the NFA and bending vibrations. This is most likely with the=€ of
HFA species. The low-frequency component corresponds neighboring molecules, consistent with the lower frequency
to a strongly hydrogen-bonded =@, and the higher of the amide I region of the NFA species, as concluded for
frequency components correspond to more weakly hydrogen-NFA—GalCer (Lee et al., 1986). The formation of a linear
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Table 1:

Frequencies of Amide | Band, Sulfate Antisymmetric Stretching Vibrational Band, a@da®d O-H Stretching Vibrational Band

Regions of Dry Films and Hydrated Samples of NFBBS and HFA-CBS in the Presence and Absence of'Ca

v (CO) amide ? v (0=S—-0) v (C—0-9S) v (C—OH and/or C-OC) v (O—H)
(cm™) (cm™) (cm™) (cm™) (cm™)

dry films

NH;t—NFA—CBS 1641, 1614 1214 992 1144 3417

Ca&t*—NFA—-CBS 1646, 1615 1219 990 1147 3427

NH;t—HFA—CBS 1652, 1632, 1622 1216 992 1145 3352

C&"—HFA—-CBS 1654, 1633, 1614 1218 990 1147 3474
hydrated samples

NHs —NFA—CBS 1652, 1627 1214

Ca&"™—NFA—-CBS 1659, 1643, 1625 1220

NH,;*—HFA—CBS 1661,~1645, 1627 1216

Ca&"—HFA—-CBS 1668, 1626, 1610 1219

a Spectra of this region were deconvolved; frequencies of major bands are underlined.

1540 1520

Wavenumber (cm-1)
Ficure 2: Infrared absorbance spectra in the amide Il region of
(A) NH,4" salt of HFA-CBS, (B) C&" salt of HFA-CBS, and

(C) NH4* salt of NFA-CBS. Films were dried from a D
suspension.

1560

C=0 group at 1654 cmi. This indicates that Ca caused
most of the amide groups of HFACBS to be located in an
environment of high dielectric constant, reflecting their
involvement in hydrogen bonding, while a small population
of amide groups was still located in a lower polarity
interfacial environment. The bands due to the@groups
also became more sharply resolved, indicating a reduction
in their mobility. The amide Il band at 1549 cfrfor NFA—
CBS completely disappeared upon addition of'Cdue to
exchange of the amide proton for deuterium. However, the
N—H of HFA—CBS was more resistant to exchange, and
its amide Il band clearly shifted to higher frequency, from
1541 to 1548 cm! (Figure 2B). This shift of the amide Il
band to higher frequency, together with the shift of the amide
| band to lower frequency, suggests a rearrangement of the
hydrogen-bonding network of the HFA species, possibly
formation of a linear intermolecular-€0---HN bond in the
presence of Cd, similar to that which occurs for both the
NH;" and C&t salt forms of the NFA species.

For hydrated samples where the amide | bands of both
species were shifted to higher frequencies, reflecting weak-

hydrogen bond is expected to increase the amide Il frequencyening of intermolecular hydrogen bonding of the=O,
because the hydrogen bond constrains the bending deformapossibly due to hydrogen bonding with water, addition of
tion. As a result the force constant for this mode increases Ca&* decreased the frequency of the lower frequency band

and the frequency shifts to higher values. The lower
frequency for HFA-CBS is consistent with participation of
the NH of HFA—CBS in a bent hydrogen bond, i.e., in a
plane parallel to the NH bending vibrations. This is most
likely an intramolecular hydrogen bond with the adjacent
a-OH group of the fatty acid and the oxygen of the glycosidic
linkage as in HFA-GalCer (Pascher & Sundell, 1977; Lee
et al., 1986). This involvement of the amide-M of the
HFA species in intramolecular hydrogen bonding would
attract electrons from the=€0, resulting in less contribution
from the polar form (Norman et al., 1990), and thus would

for both the NFA and HFA species (Table 1). Thus greater
charge shielding by Ca& increased the hydrogen bonding
of the C=0O of both species. However, the frequency of
the most strongly hydrogen-bonded population of the HFA
species decreased to 1610 ¢nsignificantly lower than that
of the NFA species when dry or hydrated (Table 1). This
indicated stronger intermolecular hydrogen bonding of the
C=0 of the C&" salt form of the HFA species, at least for
a fraction of the lipid, than that of the NFA species in excess
water.

The more prolonged exposure of the samples t® D

account for the increase in frequency of the amide | band required for measurement of hydrated samples of tieé Ca

and weaker hydrogen bonding of the=O of the HFA
species.

Effect of C&" on the Amide RegionAddition of C&"
had only a small effect on the amide | spectral region of
NFA—CBS (Figure 1B, curve 4). However, it significantly

salt forms caused the amide Il band to disappear completely
for the HFA species and partially for the NFA species,
indicating accessibility of the NH to D,O. The rate of
exchange was not compared quantitatively for the;N&hd
C&* salt forms of the two species. However, no exchange

affected both the frequency and relative intensities of the was noted for the Nt salt forms in BO over the time

bands in the deconvoluted spectra of HFBBS (Figure 1C,
curve 6). The frequency of the most strongly hydrogen-
bonded G=0O group of HFA-CBS shifted from 1622 to 1614
cm (Figure 1C, curve 6), similar to that of NFACBS,

period used for preparation and measurement of hydrated
samples. The frequency of the amide Il band for the
hydrated NFA species was 1552 chior the NH;* salt and
1555 cm! for the C&* salt, reflecting linear intermolecular

and the intensity of this band increased relative to that of hydrogen bonding or hydrogen bonding of the N to water.
the component due to the most weakly hydrogen-bondedHowever, for the NH" salt of the HFA species, the
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frequency of the amide Il band was 1542 dpstill lower
than that of the NFA species, reflecting the persistence of a
bent intramolecular hydrogen bond for the NHHFA
species in the presence of water.

Head Group-Sulfate, C-O, and Hydroxyl Groups The
antisymmetric double bond=65—-0" stretching vibration
ranging between 12061265 and 10461080 cn1?, respec-
tively, together with the stretching mode of the-O linking
the sulfate group, ranging between 920 and 1040'cm
(Bellamy, 1975; Kates, 1986), provides important informa-
tion about the environment of the sulfate region. TheS>
O~ symmetric stretching vibration at 1040080 cnT! was
precluded from analysis since it overlapped with many
C—0O—H stretching bands from other groups in the lipid.
The sulfate antisymmetric stretching band for a dry film of
the ammonium salt form of the NFA species appeared at
1214 cn1l, a somewhat lower (but reproducible) frequency
than that of the HFA species at 1216 ¢m(Table 1),
suggesting that the sulfate of the NHNFA species
interacts more with some group, either water, the sugar OH
groups of neighboring lipid molecules, or the-N groups
of ammonium ion, than that of the HFA species. Upon
addition of C&", the G=S—0O" antisymmetric stretching
band shifted to higher frequency for both the HFA and NFA
species, in the dry film and also in the hydrated samples

Menikh et al.

2000 2800

Wavenumber (cm-1)
Ficure 3: Infrared spectra of the €H stretching region for (A)
NH,4+ salt of HFA-CBS, (B) C&* salt of HFA-CBS, (C) NH*

salt of NFA-CBS, and (D) C#& salt of NFA-CBS. A linear base
line extending from 3000 to 2800 crhhas been subtracted.

-
3000

(Table 1). The increase in frequency indicates displacementthat C&" weakened the hydrogen-bonding network in which

of some group from the sulfate on binding?Ca An increase
in frequency of the phosphate symmetric and antisymmetric

the hydroxyl groups were involved. The frequency of the
NH,"—HFA species was lower than that of the NH-NFA

stretching bands of phospholipids is associated with dehydra-species, suggesting further that the hydroxyl groups of the

tion of the lipid head group, either upon binding®Car on
evaporation of water (Casal & Mantsch, 1984; Arrondo et
al., 1984; Dluhy et al., 1983; Casal et al., 1987). The
frequencies of the Ca salt forms of the NFA and HFA

NH,t—HFA species were more involved in hydrogen bond-
ing than those of the NH—NFA species. In contrast, in
the presence of Cathe frequency was higher for the HFA
species than the NFA species, indicating that the hydroxyl

species were more similar to each other than those of thegroups of the C&—HFA species were less involved in

NH,* salt forms, suggesting a more similar environment of
the sulfate of the two species when bound té'Ca
The O=S—0O" spectral region could be deconvoluted into

hydrogen bonding than those of the?CaNFA species.
Hydrocarbon Chains Infrared spectroscopy is a sensitive
method for monitoring changes in the hydrocarbon chain

at least two bands (not shown) as reported by Tupper et al.packing. The parameters generally used to characterize the
(1992) for both the HFA and NFA species in the presence acyl chain regions of lipids are the frequencies and band-
of both ammonium and G4 NMR spectroscopy showed widths of methylene stretching bands (Cameron et al., 1980;

that all of the lipid was in the Nkt salt form in the absence
of added cation. Since €ahas a higher affinity for the
sulfate than NH", the addition of an equimolar amount of
Cat should result in all of the lipid being in the &asalt
form. Therefore, the presence of two or more bands may
be due to splitting caused by lowering of the site symmetry
on coordination of sulfate to NAi or Ca&" (Nokamoto,
1978), rather than to different populations of the sulfate
group. Site symmetry splitting of the phosphate symmetric
stretching band of phosphatidylserine on binding'Czas
also been observed (Dluhy et al., 1983).

Addition of Ca" shifted the stretching vibration of the
C—0 linking the sulfate to galactose to lower frequency for
both the NFA and HFA species, indicating that?Ca
interacted indirectly with the €0 (Table 1). However, the
stretching mode €0 of C—0O—H or C—0O—C groups at
1144 cm? for the NFA species and at 1145 chifor the
HFA species shifted to 1147 crhfor both species on
addition of C&" (Table 1). This suggested that Ta

Auger et al., 1988). An increase of conformational disorder
and motional freedom of the acyl chain can be monitored
from an increase in stretching vibrational frequencies and
the bandwidth of the methylene groups. The most useful
information regarding the chain packing and interchain
interactions in the gel phase of lipids can be obtained from
the CH scissoring mode (Lewis & McElhaney, 1993).

The symmetric and antisymmetric stretching vibrations of
dry films of CBS gave rise to bands at 2850 and 2919%¢m
respectively (Figure 3). The phase transition temperatures
of hydrated samples of CBS were determined from the
increase in frequency of the symmetric stretching vibration
with temperature (not shown). Those of the ammonium salt
forms of the NFA and HFA species were 47 and &3
respectively. This increase in transition temperature caused
by the o-OH group also occurred in the presence of other
cations as determined by differential scanning calorimetry
(Boggs et al., 1988, 1984). €aincreased the transition
temperature of the NFA species to 85, in agreement with

weakened hydrogen-bonding interactions with these oxygens.previously published results on C18:CBS in the presence

Moreover, the hydroxyl group (OH) stretching vibrations
increased for both species, but especially for the HFA
species, upon complexation with €gTable 1), indicating

of Ca&* (Boggs et al., 1984). The effect of €zon the phase
transition temperature of the HFA species was not deter-
mined, but previous DSC studies showed that the transition
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FiIGUure 4: Infrared spectra in the methylene scissoring region
between 1460 and 1480 cfa Original spectrum for (A) Ng*

salt of NFA-CBS. The spectrum of the €asalt form of NFA-
CBS was similar. Deconvolution of the spectrum in (A) did not
reveal more than one band. Deconvoluted spectra for (By'NH
salt of HFA-CBS and (C) C& salt of HFA-CBS. The spectra
were deconvolved using a break point of 0.3 in the Fourier domain.

1480

temperature of the C16:6/CBS HFA species was a few
degrees higher than that of the C16@0BS NFA species in
the presence of Ca (Boggs et al., 1984).

The frequencies of the symmetric stretching vibration of
the dry films of the HFA and NFA species were within 1
cm! of each other for both the Nff and C&" salt forms,
indicating similar conformational order of the hydrocarbon

chains of both species. However, close examination of the

CH, scissoring region from 1460 to 1480 chof dry films
of the lipids showed significant differences in the behavior
of the NFA and HFA species (Figure 4). After resolution
enhancement, only a single major band located at 1468 cm
(Figure 4A) was observed for both the hHand C&" salt
forms of the NFA species. This is typical of systems with

Biochemistry, Vol. 36, No. 12, 1998443
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1420 1400 1380
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Ficure 5: Original spectra of HFACBS in the methylene bending
mode of (A) C&" salt and (B) NH* salt. Spectra were smoothed
with 11 data points.

1440

4B,C); these may arise from correlation field splitting (Lewis
& McElhaney, 1993).

Methylene scissoring band splitting has also been observed
with other lipids and hydrocarbons in solid or crystalline
phases (Bellamy, 1975), in subgel phases (Lewis & McEI-
haney, 1990; Lewis et al., 1990), or in the gel phase at high
pressure (Auger et al., 1990; Wong et al., 1988) and has
been attributed to lipid interchain interactions, with non-
equivalent orientation. The two chains of the lipid may be
arranged with nonparallel zigzag planes or the chains of one
molecule may be perpendicular to the chains of neighboring
molecules. Similar splitting has been detected using surface
enhanced Raman spectroscopy to study monolayers of
hydrocarbon chain compounds self-assembled onto Ag or
Au substrates with highly ordered orthorhombic subcell acyl
chain packing (Chumanov et al., 1995; Menikh & Bouraoui,
1996). The splitting observed here for HFEBS indicates
that it has a higher degree of orientational order than the
NFA species. Similar results were observed for hydrated
samples of HFA-CBS (not shown) although the splitting
of the scissoring band was not as strong as for dry films.

The band due to the bending mode of t€H adjacent
to the carbonyl HFA-CBS was significantly affected by
addition of C&*. In the absence of €4 a weak band in
the spectrum of the dry film at around 1408 Thwas
observed (Figure 5b). On addition of €aa single sharp
band at 1418 cmt appeared (Figure 5A). Lewis and
McElhaney (1990) observed a similar effect when the Lc
subgel phase of diacylphosphatidylcholine formed. They
attributed the appearance of a single shatpethylene band
in the Lc phase to a conformational change which resulted
in a reduction of the mobility of the-methylene group. For
the NH;* and C&" salt forms of the NFA species, there was
no distinct band corresponding to themethylene, indicating
greater mobility of this group in the NFA species (not
shown). This difference in behavior of theCH, adjacent
to the amide carbonyl of the HFA species, from that of the
NFA species must be due to the presence obtig/droxyl

the acyl chains packed in a hexagonal lattice (Casal & group located on the same carbon of the fatty acid. We
Mantsch, 1984) but has also been observed for short acylsyggest that the sharpening and increase in frequency of the

chain species of phosphatidylcholine and of glycosyldi-

a-CH band in HFA-CBS are due to the formation of an

acylglycerol in a stable subgel phase in which the acyl chains extensive intermolecular hydrogen-bonding network involv-

are in a rigid crystalline structure but are orientationally
disordered (Lewis & McElhaney, 1990; Lewis et al., 1990).
However, for the Ni* and C&" salt forms of the HFA

ing thea-OH group as well as the amide-M and G=0
groups at the polar/apolar interfacial region in the presence
of C&™.

species, the peak observed in this region could be resolved Hydrated samples of the NFA and HFA species had similar

into two bands located around 1471 and 1465 £(Rigure

hydrocarbon chain conformational order as in dry films, but
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Ficure 6: Ball and stick models of CBS superimposed with three-dimensional contours of interaction energieswithdJsH," probes

according to calculations by the GRID program.

Interaction of & @aobe with HFA-CBS in (a) the “bent shovel” conformation and

(b) the extended conformation. The contour of the interaction energy at a levéb&®kcal/mol is shown in light blue. Contours for

interaction of C&" with NFA—CBS in these two conformations are similar.

Interaction of anNiptobe with (c) HFA-CBS in the bent

shovel conformation and (d) NFACBS in the extended conformation. The contour of the interaction energy gf Sk$hown at a level
of —19 kcal/mol. At a level of-16 kcal/mol the contour of NiF more closely resembled that of €aat —58 kcal/mol in (a) and (b). The

bifurcated hydrogen bond of the amide hydrogen with the fatty acid hydroxyl group and the glycosidic oxygen, which occurs in the bent
shovel conformation of HFACBS, has been indicated by dotted lines in (a) and (c). Carbons are shown in dark gray, hydrogens are in
light gray, oxygens are in red, the nitrogen is in blue, and the sulfur is in yellowC @nd C-H bonds of the acyl chain are shown in

green and other €C and C-H bonds are shown in dark blue. The CBS molecule is oriented according to the crystal structure-of HFA
GalCer (Pascher & Sundell, 1977).

the bands due to the symmetric and antisymmetric stretchingbetween the bilayer surface and the sulfated galactose.
vibrations become broader, indicating an increase in motional Similar results were obtained in calculations on the corre-
freedom of the chains. Weak methylene scissoring band sponding two conformations of the NFA species (not shown).

splitting still occurred for the C4 salt form of the HFA
species. However, the shift in the frequency of th€H
bending mode of HFACBS on addition of C& observed

Comparative calculations with an MHprobe revealed much
weaker interactions (see Figure 6c,d) with minima in the
range of—20 to—25 kcal/mol, although the spatial distribu-

for dry films did not occur in the presence of excess water tion of these regions was similar to that found forPCa

(H20), suggesting that intermolecular hydrogen bonding of

the fatty acid OH is weaker in the presence of water.
Molecular Modeling Models of the HFA and NFACBS
species based on the crystal structures of HE&ICer
(Pascher & Sundell, 1977) and metlyb-galactopyranoside
3-sulfate (Polvorinos et al., 1994), with the galactese

DISCUSSION

Theo-hydroxyl group on the acyl chain of CBS increased
the phase transition temperature of both the ammonium and
Cat salt forms as shown previously for other cations (Boggs
etal., 1984, 1988). This suggests that ¢hbydroxyl group

ceramide linkage in the two minimum energy conformations stabilizes the gel phase or destabilizes the liquid crystalline
calculated for GluCer (Nyholm & Pascher, 1993a,b), i.e., phase. Analysis of the FT-IR spectra of CBS in a low
with the sugar either extended away from the bilayer and temperature phase provided information on how dhiey-
nearly parallel to the acyl chains or with the sugar bent over droxyl group affects interactions between the lipid molecules
nearly perpendicular to the acyl chains, are shown in Figure which stabilize this phase. Although some of the spectra

6. Inthe bent shovel conformation (Figure 6a,c) a bifurcated were obtained on lipid films from which the excess water

intramolecular hydrogen bond between the amide-N\and
the fatty acid hydroxyl group and the glycosidic oxygen can
occur as in the crystal structure of HF&alCer. Grid
calculations using Ca as a probe demonstrated strong
binding of C&" around the sulfate group and at the surface
of the galactose, particularly in proximity to the axially
oriented O4 hydroxyl group, as shown at an interaction
energy contour of-58 kcal/mol in Figure 6a,b. The most
favorable interaction points for €awith HFA—CBS had
interaction energies in the range 70 to —75 kcal/mol.

(D20) had been evaporated, a small amount of bound water
was probably still present. Furthermore, in the presence of
excess water, relatively similar differences in the behavior
of the NFA and HFA species were obtained for all regions
of the spectra, although the carbonyl groups were less
hydrogen bonded than in dry films and there was increased
accessibility of the N-H of the C&" salt forms to water as
indicated by H/D exchange.

The spectra of the amide | region of NFA and HFA species
of CBS indicated the coexistence of at least two different

In the bent shovel conformation, favorable interaction points instantaneous populations of both the HFA and NFA species
are located between the galactose and the amide group ofn which the carbonyl was involved in hydrogen bonds of

the ceramide. In a lipid bilayer, this region would be

different strengths, as found earlier for both #rel andsn
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2 chains of phospholipids (Blume et al., 1988; Lewis & greater intermolecular hydrogen-bonding interactions be-
McElhaney, 1992) and for the acyl chain of glycosphin- tween lipid head groups occur, either directly involving sugar
golipids (Lee et al., 1986; Mueller & Blume, 1993). This OH groups of neighboring molecules or indirectly via
disagrees with the conclusion of Tupper et al. (1992) that hydrogen-bonded water bridges.
two different populations with different degrees of hydrogen  Thus even though the fatty acid hydroxyl is apparently
bonding found in a natural bovine brain mixture of CBS involved in intramolecular hydrogen bonding and it weakens
molecules arose from the HFA and NFA species. In involvement of the amide region in intermolecular hydrogen
phospholipids the carbonyl must be involved in hydrogen bonding, it causes ordering of the hydrocarbon chains,
bonding with water because no other groups are present insuggesting that it causes closer or more highly organized
the interfacial region to hydrogen bond with them. However, packing of the lipid molecules. It also increases hydrogen
for sphingolipids, other hydrogen bond donating groups are bonding of hydroxyl groups of the glycolipid and decreases
present in the interfacial region, i.e., the-N group and interaction of the sulfate with some group suggesting
the sphingosine and fatty acid hydroxyl groups (the latter decreased accessibility of the sulfate to solvent. In addition
for the HFA species only), and hydroxyl groups from the to causing intramolecular hydrogen bonding of theilto
sugar, if it is bent over in a shovel conformation as in the the glycosidic oxygen, it may have these effects by hydrogen
crystal structure of HFAGalCer. Different degrees of bonding with the 4-OH of a sugar group in a neighboring
hydrogen bonding of the carbonyl of CBS with some of these molecule as in the crystal of HFAGalCer, thus further
groups in neighboring lipid molecules, and/or with water, stabilizing the sugar in the bent shovel conformation in which
may account for the presence of several lipid populations. other sugar oxygens can then be involved in numerous
Ammonium Salt Forms of CBS~or the ammonium salt  intermolecular interactions with other groups on neighboring
form, the spectra of the amide | region indicated that the lipid molecules. Thus FT-IR spectroscopy indicates that the
carbonyl of the NFA species is more involved in hydrogen ammonium salt form of the HFA species of CBS has a
bonding than that of the HFA species. The spectra of the structure similar to that of the crystalline form of HFA
amide Il region indicated that the-\H of the NFA species  GalCer. For NFA-CBS on the other hand, the weaker
is also involved in a linear hydrogen bond whereas that of hydrogen bonding of the hydroxyl groups, including the sugar
the HFA species is involved in a bent hydrogen bond. These hydroxyls, greater accessibility of the sulfate to solvent, and
results suggest that the-NH of NFA—CBS is involved in lack of intramolecular hydrogen bonding of the glycosidic
an intermolecular hydrogen bond, probably with the carbonyl, oxygen with the N-H indicated by the present FIR results
as concluded from FFIR spectra of a stable gel state of suggest the sugar may be in the extended conformation as
NFA—GalCer (Lee et al., 1986), while that of NFH-HFA— shown in Figure 6d.
CBS is involved in a bifurcated intramolecular hydrogen  Effect of C&". C&" increases the phase transition
bond with the fatty acid hydroxyl group and the glycosidic temperature of CBS relative to the ammonium salt form, but
oxygen as in the crystal structure of HF&alCer (Pascher  not to the extent observed for acidic phospholipids, and it
& Sundell, 1977) and in a gel phase of HF&alCer (Lee does not increase the transition temperature of CBS as much
et al., 1986). This may stabilize the bent shovel conforma- as the monovalent cations Nand K' (Boggs et al., 1984,
tion of the sugar for HFACBS, shown in Figure 6a. 1988), suggesting that, despite its divalent charge, it does

Intramolecular hydrogen bonding of the-¥ of HFA—CBS not cross-link two CBS molecules as it does acidic phos-
persisted in the presence of excess water. pholipids. Rather, it probably increases the transition tem-
In spite of the lack of involvement of the amide—% perature by the same mechanism as monovalent cations, by

group in intermolecular interactions and the weaker inter- shielding the negative charge of the sulfate. It has a higher
molecular interactions of the=€0 group of the ammonium  affinity for sulfate than ammonium has, as indicated by the
salt form of HFA-CBS, compared to the NFA species, the GRID calculations, and shields the charge better because of
methylene scissoring band splitting for the HFA species its divalency.
indicates that the hydrocarbon chains of HFBBS have a The infrared data reported in this study indicate tha*Ca
higher degree of orientational order than those of the NFA interacts with the CBS head group of both the NFA and HFA
species. This splitting is caused by interchain coupling of species and more specifically with the charged sulfate group.
vibrational modes when acyl chain motion is damped. The This is made clear from the increase in frequency of the
lower packing order of the hydrocarbon chains of NFA  O=S—0O~ antisymmetric stretching band caused byCa
CBS reflects perturbation of the van der Waals interactions indicating it displaces some group from the sulfate, most
between the hydrocarbon chains and increase in the distancéikely water. An interaction of C& with the oxygen of the
between them caused by the charged head group in theC—O—S group could also be detected from the FT-IR
absence of the fatty acid hydroxyl group. spectra.

Vibrational stretching bands due to the OH groups of the = The most important effect of Eawas observed on HFA
fatty acid and sphingosine cannot be distinguished from thoseCBS. In that case, it increased the degree of hydrogen
of the sugar; however, given the large number of sugar bonding of the &O group and decreased its mobility.
hydroxyls, the hydroxyl bands are probably dominated by Furthermore, it caused a rearrangement of the hydrogen-
those. The frequencies of bands arising fromHDstretch- bonding network involving the NH group of the HFA
ing vibrations indicate that those of the hiH-HFA species species, most likely a shift from a bifurcated intramolecular
are more involved in hydrogen bonding than those of the hydrogen bond with the fatty acid OH and the glycosidic
NFA species. This could be due to greater hydration of the oxygen to a linear intermolecular hydrogen bond with the
HFA species or to greater intermolecular hydrogen bonding C=0. Since the N-H is no longer involved in an intramo-
with groups on neighboring lipid molecules. The higher lecular hydrogen bond with the glycosidic oxygen, the bent
transition temperature of the HFA species suggests thatshovel conformation may no longer be stable and the sugar
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may prefer the extended conformation instead (Figure 6b), hydroxylation of the fatty acid of hydrated CBS on its gel
as in NFA-CBS. This is supported by the reduced to liquid crystalline phase transition temperature and the
hydrogen-bonding interactions of the hydroxyl groups in the sensitivity of its phase behavior to the type of cation present
HFA species in the presence of €aand the similar (Boggs et al., 1984).
environment of the sulfate as in the €asalt form of the
NFA species. CONCLUSIONS

However, the hydrocarbon chains of the?Caalt form
of the HFA species still had a greater degree of orientational
order than the NFA species, and the mobility of th&H
group was reduced on &abinding. The fatty acid hydroxyl
group must be the cause of the differences in orientational
order of the hydrocarbon chains, reduced mobility of the
a-CH group, and higher transition temperature of the HFA
species compared to the NFA, although the behavior of the
a-OH group cannot be determined from these FT-IR spectra
as it cannot be distinguished from the other OH groups in
the molecule. Since intramolecular hydrogen bonding of the
a-OH group with the N-H group is apparently reduced for
the C&" salt form, the fatty acid hydroxyl group may
hydrogen bond intermolecularly with the=®© group or
sphingosine hydroxyl of neighboring molecules. Thus it
could stabilize the gel phase of the®€Cform by participating
directly in the intermolecular hydrogen-bonding network
rather than indirectly as for the NHform where it stabilizes
the shovel conformation in which intermolecular hydrogen
bonding of sugar oxygens with other groups of neighboring
molecules can occur.

C&" may cause this change in the hydrogen-bonding

The results presented in this study indicate that the
conformations of the Nkt salt forms of HFA and NFA-
CBS differ from each other, with the sugar of NHHFA—
CBS being in the bent shovel bilayer planar conformation
stabilized by a bifurcated intramolecular hydrogen bond
between the NH and the glycosidic oxygen and the fatty
acid hydroxyl, while the sugar of NFi—NFA—CBS is in
the extended bilayer perpendicular conformation in which
an intermolecular hydrogen bond between theHNand
C=0 and possibly other groups occurs. *Caas little
detectable effect on the NFA species but induces a confor-
mational change of the HFA species to an extended
conformation like that of the NFA species. The fatty acid
hydroxyl group promotes intermolecular hydrogen-bonding
interactions for both the Ni and C&* salt forms of the
HFA species. It does this by stabilizing the bent shovel
conformation of the NI salt form in which sugar hydroxyls
can hydrogen bond with other groups in neighboring lipid
molecules and by participating directly in these intermo-
lecular interactions in the extended conformation of th&Ca
salt form. These intermolecular interactions increase the
network and conformation of HFACBS by decreasing orientationa.l .and packing order and gel to qugid crystalline
charge repulsion between CBS molecules better than am_phase transition temperature of the HFA species. Inthe_case

of the C&" salt form where the fatty acid hydroxyl is

monium ion, or it may have a more specific effect by believed be directly involved in th . lecul
chelating some hydroxyl groups of the sugar in addition to . elieved to be directly involved in these intermolecular
interactions, they also decrease the mobility of th€H.

zﬁgsteei.corw?grrgstil(?n %?lﬁllﬂzggé '?;\'/g?;%ltehg% 'thgli bent Direct involvement of the sulfate and the galactose oxygens
. ' 'ng in these interactions cannot be conclusively ascertained.
sites are located between the galactose and the amide grouRIthough these groups are interacting with some other

and on that surface of the galactose which would face thegroups, it cannot be determined whether they interact with

bilayer surface. Binding of Ca at these sites would most lecules. hvd | f neighboring livid
likely disrupt the intra- and intermolecular hydrogen-bonding water molecules, hydroxyl groups of neighboring lipids, or
cations. However, the results are consistent with the models

network characteristic of the HFA species in the bent shovel described above in which the sulfate of NHHFA—CBS
conformation, i.e., hydrogen bonds involving t.he_N and is less hydrated than that of the NFA species and in which
the galactose hydroxyls. On the other hand, binding 8f Ca ; .
to HEA—CBS in the extended conformation would not the hydroxyl groups of the HFA species are more involved
interfere with packing of the head arouns and would still in intermolecular hydrogen bonding. They are consistent
: 't packing ! ) group .~ with further dehydration of the sulfate of both species due
permit participation of the |nte_rfaC|aI region of the lipid N {0 interaction with C& and decreased intermolecular
intermolecular hydrogen bonding. Thus these calculations hydrogen bonding or decreased hydration of the galactose
suggest an explanation for the conclusion from the-FR hydroxyl groups of C& —HFA—CBS compared to the N
results that C# induces a transition of HFACBS from salt form. GRID calculations of the sites of interaction of

"[ahxe et;ien?tens'zglogglvigll ta?setheexc:?ent?ceatjl V\(/:gplj(\)/\:irlrl] %t(leo:e. uli:rlérc:rlir Ca&*+ with CBS indicate that Ca would destabilize the bent
P ) . q shovel conformation since it interacts with the surface of
further define the regions of the CBS head group involved . o .
. TN . the sulfated galactose which participates in intermolecular
in C&" binding and to establish the effects of Can the . ) .

. . ) . and intramolecular hydrogen bonding. The conformational
dynamics and intermolecular interactions of the CBS head : ) X

change of the sugar head group induced by interaction of

g:gldJi%t J:Ehr;erge)gmlentlﬁlé?tlﬁg Tnléssttbfzvp;gglr;nﬁgr:]n gss; tgf Ca* with the HFA species suggests a mechanism by which
b S 9 y P C&" binding increases the accessibility to and interaction
Ca" with HFA— and NFA-CBS. . ,

of the sulfated galactose with other ligands at the cell surface,

et o1 ok e AhoLgh L ogs ot el iy €2 FEA- CES et
9 — . more strongly with GalCer in an apposing bilayer than the
presence of excess water, as indicated by increased frequencK”: A species

of the amide | bands, increased H/D exchange of theéHN
of both species in the presence offGaand abolishment of ACKNOWLEDGMENT

the C&*-induced shift in frequency of the-CH bending

mode of the HFA species, they are not eliminated. These We thank Dr. K. M. Koshy for synthesis of the C18:0
interactions could account for the significant effect of CBS and C18:0hCBS.



FT-IR Spectroscopy of Cerebroside Sulfate

REFERENCES

Arrondo, J. L. R., Goni, F. M., & Macarulla, J. M. (198Bjochim
Biophys Acta 794 165-168.
Auger, M., Jarell, H. C., Smith, I. C. P., Siminovitch, D. J., Mantsch,
H. H., & Wong, P. T. T. (1988Biochemistry 276086-6093.
Auger, M., Smith, I. C. P., Mantsch, H. H., & Wong, P. T. T. (1990)
Biochemistry 292008-2015.

Bandekar, J. (19928iochim Biophys Acta 1120 123-143.

Bellamy, A. A. (1975)The infrared Spectra of Complex Molecules
Vol. 1, 3rd ed., pp 2324, 234-238, Chapman and Hall, London.

Blume, A., Hibner, W., & Messner, G. (1988iochemistry 27
8239-8249.

Boggs, J. M., Koshy, K. M., & Rangaraj, G. (198€hem Phys
Lipids 36 65—89.

Boggs, J. M., Koshy, K. M., & Rangaraj, G. (1988jochim
Biophys Acta 938 361—372.

Cameron, D. G., Casal, H. L., & Mantsch, H. H. (19&pchem-
istry 19 3665-3672.

Casal, H. L., & Mantsch, H. H. (1984Biochim Biophys Acta
779 381-401.

Casal, H. L., Martin, A., & Mantsch, H. H. (198'Biochemistry
26, 7395-7401.

Chumanov, G., Sokolov, K., Gregory, B. W., & Cotton, T. M.
(1995)J. Phys Chem 99, 9466-9471.

Dluhy, R. A., Cameron, D. G., Mantsch, H. H., & Mendelsohn, R.
(1983)Biochemistry 226318-6325.

Eggens, I., Fenderson, B., Toyokuni, T., Dean, B., Stroud, M., &
Hakomori, S. (1989). Biol. Chem 264, 9476-9484.

Goodford, P. J. (1985). Med Chem 28, 849-857.

Hakomori, S. (1991Pure Appl Chem 63, 473—782.

Kates, M. (1986)echniques in Lipidology2nd ed., pp 102108,
172—175, Elsevier, New York.

Koshy, K. M., & Boggs, J. M. (1983Chem Phys Lipids 34 41—
53.

Koshy, K. M., & Boggs, J. M. (1996J. Biol. Chem 271, 3496—
4399.

Lee, D. C., Miller, I. R., & Chapman, D. (198®iochim Biophys
Acta 856 266—270.

Lewis, R. N. A. H., & McElhaney, R. N. (199®iochemistry 29
7946-7953.

Biochemistry, Vol. 36, No. 12, 1993447

Lewis, R. N. A. H., & McElhaney, R. N. (1992iophys J. 61,
63—77.

Lewis, R. N. A. H., & McElhaney, R. N. (1993iophys J. 65,
1866-1877.

Lewis, R. N. A. H., Mannock, D. A., McElhaney, R. N., Wong, P.
T. T., & Mantsch, H. H. (1990Biochemistry 298933-8943.

Menikh, A., & Fragata, M. (1993[ur. Biophys J. 22, 249-258.

Menikh, A., & Bouraoui, A. (1997)J. Mol. Struct (in press).

Misevic, G. N., & Burger, M. M. (1993). Biol. Chem 268 4922
4929.

Mueller, E., & Blume, A. (1993)Biochim Biophys Acta 1146
45-51.

Nabet, A., Boggs, J. M., & Pmlet, M. (1996)Biochemistry 35
6674-6683.

Nokamoto, K. (1978)nfrared and Ramam Spectra of Inorganic
and Coordination Compoungdpp 248-251, Wiley-Interscience
New York.

Norman, B. C., Lawrence, H. D., & Stephen, E. W. (1990)
Introduction to Infrared and Raman Spectroscofyd ed., p
293, Academic Press, New York.

Norton, W. T. (1977) inMyelin (Morell, P., Ed.) pp 163199,
Plenum Press, New York.

Nyholm, P.-G., & Pascher, I. (1993B)ochemistry 321225-1234.

Nyholm, P.-G., & Pascher, I. (1993Int. J. Biol. Macromol 15,
43-51.

Pascher, I., & Sundell, S. (1970Qhem Phys Lipids 2Q 175
191.

Polvorinos, A. J., Contreras, R. R., Martin-Ramos, D., Romero, J.,
& Hidalgo, M. A. (1994)Carbohydr Res 257, 1-10.

Savitzky, A., & Golay, M. J. E. (1964Anal. Chem 36, 1627
1639.

Stewart, R. J., & Boggs, J. M. (199Bjiochemistry 3210666
10674.

Tupper, S., Wong, P. T. T., & Tanphaichitr, N. (19®pchemistry
31, 11902-11907.

Wong, P. T. T., & Mantsch, H. H. (198&8hem Phys Lipids 46
213-224.

Wong, P. T. T., Siminovitch, D. J., & Mantsch, H. H. (1988)
Biochim Biophys Acta 947 139-171.

BI1961869Q



