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ABSTRACT:. Conformations of two types of bovine brain cerebroside containing normabiemeiroxy-

fatty acids (NFA-CER and HFA-CER, respectively) in solution and in bilayers were investigated using
1H and3C NMR in solution and in the solid state. The analysis of vicitidt-'H coupling constants

and NOE measurements in solution indicated that in both cerebrosides the predominant conformation
about the Ot C1, C1-C2, and C2C3 bonds is apfsc/ap, respectively. The remarkable similarity in

the 13C NMR chemical shifts in solution and in hydrated liquid-crystalline bilayers indicated that both
cerebrosides in bilayers assume conformations essentially identical to those in solution. The obtained
13C NMR spectra in solution were used as a reference for comparison with the variable-tempé€ature
CP-MAS NMR spectra in the metastable and stable gel phases. The lack of chemical shift changes of
polar carbon atoms upon cooling the HFA-CER bilayers belowTthetrongly suggests that the liquid-
crystalline-metastable gel transition is not associated with a conformational change of the head group.
The observed line broadening can be interpreted in terms of the hydrocarbon chain crystallization and
slow dynamics of the head group in the metastable phase. On the other hand, the relaxation of the
metastable gel phase of HFA-CER caused profound changes #Qtepectra, primarily of the signals

of the galactose C1, the ceramide C2, C4, and C5, and the carbonyl group. These changes are interpreted
using the known dependence of the chemical shifts of anomeric carbon on the conformation about the
01-C1 bond to suggest that the gel phase relaxation involves a significant reorientation of the galactose
moiety caused by a change in the rotation of the-@1 bond from the ap te-sc conformer. Similar
changes of chemical shifts were observed in the case of NFA-CER during the transition from the liquid-
crystalline phase to the stable gel phase.

Cerebrosides (CER)are the simplest members of the paramountimportance. These aspects of GSL structure have
glycosphingolipid (GSL) family of relatively minor, but been recently investigated using computational methods
functionally important, constituents of cell membranes in (Nyholm & Pascher, 1993; Nyholm et al., 1989, 1990).
animal and plant tissues (Hakomori, 1995). These lipid Conformational properties of the related diacylglycerogly-
molecules present their mono- or oligosaccharide residuescosides have been studied by a combination of molecular

into the extracellular space, exposing them to interactions modeling and solid-state NMR (Howard & Prestegard, 1995).
with glycolipid head groups of other cells, antibodies,

bacterial toxins, and viral envelope proteins. Glycosphin- N contrast to glycerolipids which form a variety of phases
golipids are therefore important in cell adhesion, in mediating With different molecular architectures, the hydrated sphin-
cellular immunity, in determining blood groups, and as tumor g0lipids form only three main supramolecular structures: the
antigens. Recently, synthetic analogs of galactosylceramidedamellar liquid-crystalline phase (), the metastable gel
have been shown to possess immunostimulatory and anti-Phase obtained by cooling from temperatures above the main
tumor activity (Motoki et al., 1995), and the sulfated analogs transition ), and the stable gel phase obtained by
have been shown to be active against HIV-1 (Yoshida et relaxation of the metastable phase (Curatolo, 1982; Ruocco
al., 1995), most likely by binding to the viral envelope protein et al., 1981; Curatolo & Jungalwala, 1985; Ruocco &
gpl20 (McCalarney et al., 1994). Because the function of Shipley, 1986; Reed & Shipley, 1987; Haas & Shipley, 1995;
GSL involves recognition processes, the steric presentationKoynova & Caffrey, 1995). The two major types of
of the saccharide moiety at the bilayer surface is of galactocerebrosides, the nonhydroxy-fatty acid-containing
cerebrosides (NFA-CER, Figure 1) and the hydroxy-fatty

t This work was supported by Research Grant GM 30327 from the acid-containing cerebrosides (HFA-CER), display different
National Institutes of Health (to M.-D. Tsai), and by the Department phase properties (Curatolo, 1982; Curatolo & Jungalwala,
g{ I\C/I:ﬁﬂ:lgggl Chemistry and Pharmacognosy of the University of Illinois 1985). The bilayers of NFA-CER readily form a rigid stable

Qf Qggtragt publishCch)i irAduancel ACS Absggclz_tslalnuary hl 19|9_>7_.d gel phase upon cooling the liquid-crystalline phasg.(This

reviations: cross-polarization; ) i i i i it

HFA-CER. hydroxy-fatty ac d_lzomainmg 'cerebFogs %%?S&Agﬁ?on'gg% stable gel phase is char.acterlzed by a high main tra.nsmon
angle spinning; NFA-CER, nonhydroxy-fatty acid-containing cerebro- enthalpy (Curat()lO’ 1982; Curatolo & Jungalwala, 1985; Haas
side; NOE, nuclear Overhauser enhancement; SPM, sphingomyelin. & Shipley, 1995). In contrast, the,Lphase of HFA-CER
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was shown to undergo a very slow conversion to the stable T p1e 1: 1H—1H Coupling Constants for NFA-CER and HFA-CER
gel phase, with initial transition to a metastable gel phase in cD,0D—CDC; at 300 K and DMSCds

which displayed a typical value okH,, (Curatolo, 1982; NEA-CER HEA-CER
Curatolo & Jungalwala, 1985). Studies of both phases by
X-ray diffraction (Ruocco et al., 1981; Ruocco & Shipley,

protons CDG—CD;OD DMSOds CDCl—CD:OD DMSO-ds

1986; Reed & Shipley, 1987; Haas & Shipley, 1995; Norberg 11 10.3 10.5 10.3 105

et al., 1996) indicated that the metastabdtable gel phase 1b:2 g:g g:é gg g;
transition involves a change from the layer-perpendicularto o_3 7.8 7.6 75 6.9

the layer-tilted arrangement of hydrocarbon chains. The 3-4 7.7 7.4 7.4 7.9
relaxation of the more expanded metastable phase into the 4—5 15.4 15.3 15.3 15.4
more tightly packed stable gel phase is probably accompanied 4:2 (15 ? 2"8 1637 1647

by head group dehydration (Ruocco et al., 1981), and a 1_» 756 76 75 75
change of the available area per head group. These changes' -3 9.7 9.6 nd nd

are likely to alter the orientation of the galactose head group 3—4 33 33 33 33
with respect to the bilayer surface. TH¢ NMR study of ‘5‘::2: %é 5.2 %% 53 1710 51 1618 51
the liquid-crystalline phase of glucocerebroside showed that g_g 113 114 nd 114
the hexose ring is oriented perpendicularly to the bilayer 2'—3" 7.6 7.6 3.6,7.7 41,78

(Skarjune & Oldfield, 1982), whereas the X-ray crystal ~a;g not determined.
studies of cerebrosides (Pascher & Sundell, 1977; Nyholm

et al., 1990) suggested that conformations with a layer-tilted . . . -
) sugg 4 between the line width and the specimen solubility. Solvents

orientation of the galactose residue are also possible in more~" "™ =
condensed phases. with higher content of chloroform gave less resolved spectra,

The differences in structural and dynamic properties of '€Sulting from lipid aggregation in media of low dielectric
lipid molecules in various bilayer phases can be explored constant. Based on the small line width observed (ca. 0.5

using variable-temperaturéC CP-MAS NMR (Li et al., Hz) in methanot-chloroform (up to 20% chloroform), it is
1993; de Meulendijcks et al., 1989; Forbes et al., 1988a,b; believed that in such solutions cerebroside molecules exist

j . {
Bruzik et al., 1988b, 1990). This technique is particularly & monomers.®*C CP-MAS spectra were obtained with
well suited for simultaneous observation of multiple sites in Bruker MSL-300 spectrometer using cerebroside samples

the molecule, to afford highly coherent integrated informa- prepared as follows: Samples_ of NFA-CER and HFA-CER
tion. In the cases where chemical shifts'# signals can (20 Mg) were hydrated by adding an equal amount of water

be interpreted in terms of specific conformations, monitoring (wiw), and the mixture was homogenized by passing it
changes in3C CP-MAS spectra can afford a detailed through a narrow constriction in the glass ampule by

description of lipid phase transitions at a molecular level. In céntrifugation. The resulting semi-solid was loaded into a
this work, we report on the application of this technique to special glass ampule (Wilmad) also by centrifugation. The

study conformational changes occurring during the meta- (0P Of the ampule was sealed with an epoxy resin, and the

stabie-stable gel transition of cerebrosides. The conforma- @MPule was inserted insica 7 mm(o.d.) zirconium oxide
tions of cerebrosides in solution were determined by a MAS rotor. Stable rotation rates of 4 kHz could be routinely

classical approach using %i—'H coupling constant and obtained with _thi_s assembly. _The size of samples thus
NOE data. For the particular set of conformations of Prepared was limited to approximately 100. The whole

cerebrosides populated in the solution state, as observed b ssembly was kept at 353 ,K for 1 h, prior to measurement,
1H NMR, referencé3C NMR spectra were obtained. These [©F the purpose of annealing. The annealed sample was
spectra were used as a starting point for interpretation of dUicKly transferred to the preheated NMR probe in such a

chanaes in chemical shifts i®C CP-MAS spectra of manner as to avoid a drop in the sample temperature.
bilaygrs induced by lipid phase transitions. P Chemical shifts in CP-MAS spectra were indirectly refer-

enced to the glycine carbonyl carbon (176.06 ppm) using
MATERIALS AND METHODS the standard reference numbers determined with the glycine

NFA-CER and HFA-CER were obtained from the total standard prior to each session. During each measurement
lipid extract of bovine brain and separated by silica gel session, the magnet shim parameters obtained for the standard

chromatography using chlorofornmethanol (10:1) as an glycme sample were kept constant to avoid shm-mdyced
eluting solvent. Cerebrosides thus obtained were further]cIeIOI chang_e. The CP-MAS spectra were obta;med using a
purified by acetone precipitation from chloroforrmethanol cro:ss—polanzanon puls_e sequence with a,wlsEaO’ H pulge,
solution. Consistent with the typical fatty acid composition a single 1 ms contact time, a 50 ms acquisttidecoupling

of sphingolipids (O'Brien & Rouser, 1964), thel and**C time, ard a 4 srelaxation delay.

NMR spectra indicated that NFA-CER contains more RESULTS

unsaturated fatty acids than HFA-CER (0.50 vs 0.26 double
bond per fatty acid chain, respectively). The permethylated conformation of Cerebrosides in Solution

sample of cerebroside was obtained as described earlier

(Nyholm et al., 1990).*H NMR spectra were recorded with 'H NMR of HFA- and NFA-CER.The vicinal coupling
Bruker AM-500, AC-250, AC-200, and MSL-300 spectrom- constants shown in Table 1 were used to calculate molar
eters, and chemical shifts were indirectly referenced to TMS. fractions of staggered conformers ab6u{C1—C2) andfs

13C NMR spectra in solution were obtained for gID— (C2—-C3) angles (Figures 1 and 2). Because of the uncer-
CDCl; (5:1, viv) solutions unless otherwise indicated. The tainty of the assignment of the diastereotopic protong H1
choice of the solvent was dictated by the compromise (lower field) and H} (higher field) to thepro-S andpro-R
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NFA-CER, R, =H, R, =C,H,, . Ry =C,H,,,,

HFA-CER, R, = OH, R, = C,H,, |, Ry = C H,,,,
¢: O5'-C1'-01-Cl
y: C1'-01-C1-C2
8,: O1-C1-C2-C3
8, C1-C2-C3-C4
Ficure 1: Structure of NFA-CER and HFA-CER, showing atom

Bruzik and Nyholm

The distance between the Hind the Hland H1, protons
is affected by the conformations about' €D1 (¢) and O
C1 @), and can be determined by measuring the 1D- and
2D-NOE effects, using an internal reference NOE for the
H1,—H1, pair of protons separated by a known intramo-
lecular distance (1.73 A). The corresponding partial NOESY
spectra of HFA-CER and NFA-CER are shown in Figure
3A and Figure 3B, respectively. In both NOESY spectra,
the strong cross-relaxation peaks are observed between H1
and H1, while the interactions between Hand H1, are
much weaker. The observation of the strong and equally
intense cross-peaks between H2 and, Hthd H3i is
consistent with the predominam, = —sc conformation
inferred from the analysis of the coupling constants. On the
other hand, the absence of the-H23 and H3-H1, cross-
peaks is also consistent with thesc/ap combination of;
and 63 angles.

The 1D-NOE effects measured from the NOE difference
spectra of NFA-CER obtained by irradiation of the 'H1
proton (Figure 4) were 0.06 (MtH1,) and 0.25 (a sum of
H1'—H3', H1'-H2', and H1—H5' interactions). Similar
values of 0.04 (Ht+H1,) and 0.23 (H1-H3', H1'—H2', and
H1'—H5') were obtained for HFA-CER (not shown). As
an internal calibration, the NOE between fnd H1, of
NFA-CER was measured (0.23, Figure 4B). In the case of
HFA-CER, such calibration was not possible due to an
overlap of H}L and H6 signals, the closeness of the

numbering and the nomenclature of the torsional angles discussedesonances of Hland H1, and an overlap of Hland H3

in this work. The nomenclature of conformers is according to Klyne
and Prelog (1960).

Hip i Hip WIZH
(& N H, C3 N Hy
t g"
Jg Jg
o Ha o H, o Hia
g t
Hy Tg i C3
Rotamer (8)) +s¢ ap sc
NFA-CER 0.04 (0.25) 0.31(0.12) 0.65 (0.63)
HFA-CER 0.04 (0.35) 0.41(0.12) 0.55 (0.53)

FiIGUrRE 2: Projections and populations of the staggered conformers
(60,) about the C+C2 bond of sphingosine in NFA-CER and HFA-
CER. The corresponding component coupling constants were

signals.

Temperature Dependence of Chemical Shifts of Exchange-
able Protons. Assignments of all exchangeable protons by
COSY spectra in DMSQ@k (not shown) through their
couplings to C-H protons were found in full agreement with
those previously reported (Dabrowski et al., 1980). The
chemical shifts of all OH protons displayed very similar
temperature dependence, suggesting that at least in DMSO
these protons were not involved to a significant degree in
intramolecular hydrogen bonding. In contrast, the amide
proton in HFA-CER displayed only half as high temperature
dependence as the analogous proton in NFA-CER (Figure
5), indicating that this proton is involved in hydrogen

calculated using the seven-parameter equation of Altona (Haasnotoonding, most likely with the’20H group of thex-hydroxy-

etal., 1979), and are the same as used in the previous work (Bruzik,
1988b);Jy 10.8 Hz,J9 3.9 Hz,J9 4.5 Hz,J% 10.8 Hz,J94 2.2 Hz,

J¥'y 1.6 Hz. The populations were calculated using coupling
constants listed in Table 1 and the stereochemical assignments H
= pro-Sand Hy, = pro-R as shown in the diagrams. The numbers
given in parentheses are conformer populations calculated using
the reverse assignment.

positions, two sets of molar fractions of conformers about
61 can be derived from the coupling constants. The reversal
of the assignment has a significant effect only on the relative
ratio of the minorg, = +sc andd,; = ap conformers, while
the population of the majorsc conformer remains relatively
unaffected. In essence, the presence of the hydroxyl function
at the 2-position of the fatty acid in HFA-CER decreases
only slightly the population of th&; = —sc rotamer as
compared to NFA-CER. The conformation about the-C2
C3 bond 3) is mainly ap (ca. 70%, as inferred from the
magnitude of H2-H3 coupling), and thus both; and 65
rotamer distributions resemble the ones of sphingomyelin
in solution (Bruzik, 1988b).

fatty acid. This conclusion is consistent with the downfield
chemical shift of the 2-OH signal (5.4 ppm at 350 K, ca.
1.0 ppm lower than typical non-hydrogen-bonded OH
signals).

3C NMR in Solution. Although assignments of3C
resonances for cerebrosides and other sphingolipids have
been previously published (Dabrowski et al., 1980; Koerner
et al., 1979; Sillerud et al., 1978; Harris & Thornton, 1978;
Sarmientos et al.,, 1985; Forbes et al., 1988a,b; Bruzik,
1988a), the detailed analysis BC shifts performed in this
work (see Discussion) required confirmation of their assign-
ments. To our surprise, we have found previous assignments
to be in error with respect to the sphingosine C4 and C5
signals. Shown in Figure 6 afél—'3C HETCOR spectra
of NFA-CER (A) and HFA-CER (B) in CBOD—CDCl;
solution. The lower field olefinid3C signal at 134 ppm is
clearly correlated with the olefinic proton at 5.69 ppm, and
the higher field signal at 129 ppm with the proton at 5.45
ppm. The additional cross-peak in this range of chemical
shifts arises from theis-olefinic double bond of the fatty
acid (shown as a triplet in théd projection). The coupling
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Ficure 3: 300 MHz NOESY spectra of HFA-CER (A) and NFA-CER (B) in gID—CDCl; (5:1 v/v) obtained at 313 K with 500 ms

mixing time.
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Ficure 4. NOE difference spectra of NFA-CER in GDD—CDClg
(5:1 v/v) at 313 K. (A) Irradiation at the position of the anomeric
proton (4.22 ppm). (B) Irradiation at the position of the hptoton
(3.65 ppm).

pattern of the proton signals afid—'H COSY spectra (not
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Ficure 5: Temperature dependence of the chemical shifts of NH
protons in NFA-CER (circles) and HFA-CER (squares) in DMSO-
ds solution.

signals in the bilayers are slightly shifted downfield (ca-0.2
0.3 ppm) as compared to the solution spectra, reflecting
probably the mismatch between the referencing systems used

shown) clearly indicated assignment of the lower field proton for solution and bilayers. If, instead of using TMS and the
as H5, and the higher field one as H4 as previously reportedglycine carbonyl group, the terminal methyl group of the

(Bruzik, 1988a; Dabrowski et al., 1980, 1988a,b). The

hydrocarbon chain is used as an internal reference in both

previous®*C assignment (Sillerud et al., 1978) was based physical states, most of the differences are within 0.5 ppm,

on the chemical shift additivity rules, which apparently do

except for a few carbon atoms listed below. The most

not hold here. The positions of C4 and C5 resonances arenotable differences observed for NFA-CER are for the
strongly affected by the solvent, and are almost identical in carbonyl group carbon atom (0.7 ppm), sphingosine C1 (0.7

the DMSO solution (Dabrowski et al., 1980). It is expected
that this'3C signal assignment should also hold for other
sphingoids. Thé3C chemical shifts of NFA-CER and HFA-
CER in solution and liquid-crystalline bilayers and their
assignments are listed in Table 2.

Comparison of3C NMR Spectra in Solution and Liquid-
Crystalline Bilayers. Inspection of Table 2 shows a remark-
able similarity of chemical shifts in solution and liquid-
crystalline bilayers with most of the chemical shifts differing

ppm), and C2 (1.0 ppm). In the case of HFA-CER, the
largest differences were registered for the carbonyl group
(1.4 ppm), C1 (1.0 ppm), C2 (0.4 ppm), and C3 (0.7 ppm).
The significant downfield shift of the carbonyl group for both
cerebrosides in the bilayers could be explained by its
involvement in hydrogen bonding with water molecules in
the hydrated liquid-crystalline state. The other differences
could be due to slight changes in conformational equilibria
about#; and 65 angles between the solution and bilayers.

by less than 1 ppm. Furthermore, it should be noted that all These differences are, however, very small as compared to
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FiIGURE 6: 300 MHz!H—13C HETCOR spectra of NFA-CER (A) and HFA-CER (B) showing-Ha4 and H5-C5 correlations.

Table 2: 13C NMR Chemical Shifts of NFA-CER and HFA-CER in
CDsOD—CDCl; (5:1 v/v) Solution and in Hydrated Bilayérs

carbon NFA-CER HFA-CER
atom CcROoD bilayers A6 CDs;OD bilayers A6
=0 1743 175.0 +0.7 175.0 176.4 +1.4
C5 134.0 1341 +0.1 1341 1346 +0.5
C4 128.8 129.7 +0.9 128.6 1299 +1.3
Ccr 103.5 103.8 +0.3 103.5 103.7 +0.2
C5 74.7 755 +0.8 74.8 755 +0.7
C3 73.2 73.7 +05 73.3 73.6 +0.3
C3 72.0 72.0 0.0 72.0 72.7 +0.7
cz2 71.1 715 +04 71.1 715 +0.4
c4 68.9 69.8 +0.9 69.1 69.6 +0.5
C1 68.5 69.2 +0.7 68.3 69.3 +1.0
C6 61.4 61.6 +0.2 61.6 61.6 0.0
Cc2 53.2 542 +1.0 53.2 53.6 +0.4
cz' 36.3 369 +0.6 72.0 72.0 0.0
C6 32.1 33.0 +0.9 32.1
Co-2 31.7 32.3 0.6 31.7
(CHy)n  29.5-290.1 30.4 30.4 29.1
Cc3’ 27.0 274 +04 34.3
Co-1 22.1 22.8 +0.7 22.4 22.8 +0.4
Co 13.7 14.0 +0.3 13.7 139 +0.2

a Chemical shifts in solution were referenced to TMS, and those in
bilayers to the carbonyl carbon of the glycine standard.

5-10 ppm differences (Saito, 1986) that should be observed
if major changes in conformation occurred. Most impor-
tantly, the position of the Clresonance remained almost
unaffected (0.3 ppm for NFA-CER and 0.2 ppm for HFA-

C=0 Cc5C4 CT1' CO C6 C2 CH, | CH,
A Jh ) Al a3k
B WV_ULWL_.AMM.LL L. 333K
c MMMWNM——‘U/\_J 330K
wa“MA.MM_ __k 328k
E M_J\n _,Jtm 318K

e o
JUJUMJMM

T

20

YT rrrrrr T T
180 130 100 80 60
PPM

FIGURE 7: 13C CP-MAS NMR spectra of NFA-CER at indicated

40

CER) by the physical state of cerebroside, suggesting thattemperatures. (A) Hydrated sample was annealed at 353 K and

no significant changes i and i angles occurred (see
Discussion).

13C CP-MAS NMR Spectra of Hydrated Bilayers

13C CP-MAS spectra of the samples of hydrated bilayers
of NFA-CER and HFA-CER recorded at various tempera-
tures, and with different thermal history prior to measure-
ments, are shown in Figures 7 and 8, respectively. Five

quickly brought to 343 K; spectra-BF were acquired sequentially
(B—F sequence) by the stepwise lowering of the temperature of
the probehead; (G) anhydrous NFA-CER obtained by precipitation
with acetone. Spectra consist of 460[2 000 scans required to
achieve the necessary S/N ratio. The FID were transformed using
Gaussian apodization with LB= —20 and GB= 0.2-0.5 for
resolution enhancement. The intensity of the rightmost fragment
of each spectrum was scaled down 3-fold as compared to other
parts.

regions of resonances can be distinguished: those arising Behaior of NFA-CER. Cooling the sample from 343 K

from the carbonyl groupA4-double bond, anomeric, hy-

(aboveTp) to 333 K (Figure 7A,B) had only the intensity-

droxylated, and the hydrocarbon carbons. A severe signallowering effect on the carbonyl signal. Further decrease in

overlap in the range of hydroxylated carbons<®&® ppm)
including C2—C5 carbons of galactose, C3 and C1 of
sphingosine, and C2of HFA-CER limits our spectral
analysis to signals arising from the carbonyl, C5, C4;,C1
C6, C2, and the bulk hydrocarbon carbon atoms.

the temperature to 330 K (Figure 7C) brought about
emergence of the resonance at 32.9 ppm, in addition to the
existing signal at 30.0 ppm, suggesting the onset of hydro-
carbon crystallization. The coexistence of the liquid and
solid domains resulted in splitting of numerous resonances
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C-0 C5C4 CI' C-OCHC2 CH (Figure 7G) to that of the relaxed hydrated lipid at 298 K,

except that only one signal for every carbon atom was
A ﬂ Jw ”U i | observed. The chemical shifts of Glgnals closely matched
one of the components in the hydrated lipid at 298 K.
JL Behavior of HFA-CER. The3C NMR spectra of this lipid
were clearly dependent on the thermal history of the lipid
B e A L M 328 K sample (Figure 8), which is in agreement with the slow rate
A of the metastablestable gel phase transition (Curatolo, 1982;
Curatolo & Jungalwala, 1985). Thus, these spectra showed
c Mo MU ku 318 K pronounced differences depending on whether the sample

J The anhydrous lipid displayed a very similar spectrum
(
CH,

>

343 K

was quenched from the liquittrystalline phase by rapid
cooling, or if the sample was incubated at low temperature
for several hours prior to acquiring®C NMR spectra.
R A VP 315K Cooling the sample from 343 to 328 K (Figure 8A,B) had
only an effect on the intensity of the carbonyl signal. In the
sample further cooled to 318 K (Figure 8C), the only well-
E e _JUA_ T M 318K defined signals were those arising from the galactose moiety
and the hydrocarbon chains. The carbon atoms of the polar
part of sphingosine gave very broad, almost unobservable

| M k 208 K signals. The broad nature of the ceramide resonances in the
BV -.»«AJ“\
0 20

-n

C1-CS5 region results most likely from the dynamic equi-

libria affecting this part of the molecule (Forbes et al.,

o]

chemical shifts were produced. Thus, the cerebroside
molecule in the metastable gel preserves the original cere-
broside conformation populated in the liquid-crystalline state,
although the dynamics of molecules is clearly affected. In
o contrast, the 318 K spectrum of the sample quenched from
FiGure 8: '3C CP-MAS NMR spectra of HFA-CER at indicated 343 5 295 K within 10 min, and relaxed at that temperature

temperatures. (BD) Samples were annealed at 353 K and rapidly . .
cooled down to the temperature of measurement by inserting into for 8 h, was vastly different (Figure 8E) from the analogous

the probehead with the preset temperature:@ the sample was ~ One of the metastable phase measured at the same temper-
annealed at 353 K and then incubated at 295 K&ch before ature (Figure 8C). The most significant change was splitting

inserting it into the probehead with the preset temperature; (H) of the C1 signal and shifting its position from 103.7 ppm

anhydrous HFA-CER obtained by acetone precipitation. The spectrayq 98 5 and 96.5 ppm. Furthermore, the position of the C2
were accumulated and transformed analogously to those in Figure . = ~° i, ) ' .
7 signal was shifted from 53.6 to 48.5 ppm, and the signals of

C4 and C5 carbons were also split each into two lines.
in the spectrum. Most interestingly, the signal of the Further cooling of this sample to 308 and 298 K (Figure
anomeric carbon was split into the set of four signals at 106.3, 8F,G) produced only greater line widths, but no detectable
103.8, 99.6, and 98.4 ppm. The two high-field signals were chemical shift changes. In sharp contrast to NFA-CER, the
preserved throughout further bilayer crystallization; therefore, sample of anhydrous HFA-CER (Figure 8H) displayed a
they represent two inequivalent molecules in the fully relaxed spectrum analogous to that in the liquid-crystalline and
crystalline gel state. The signal at 106.3 ppm disappearedmetastable states, except for the positions of the carbonyl
on further cooling (e.g., Figure 7E); therefore, it likely group and the sphingosine C2 signal.
represents an intermediate in the transition between the two
states. At 330 K (Figure 7C), the C2 carbon gave rise to a DISCUSSION
new signal at 51.7 ppm (1.5 ppm shift), which was also  The detailed interpretation of changes'8€ chemical
preserved in the fully relaxed state (Figure 7E,F). At 328 shifts in terms of specific conformations involved can be
K (Figure 7D), the new peaks increased their intensity, and significantly enhanced by a prior knowledge of shifts for a
only very little of the high-temperature signal set remained. known conformer as a reference. We first sought to provide
In addition, the CB signal acquired a very complicated such reference by measuring the CP-MAS spectra of the
pattern with several lines extending from 66 to 56 ppm. The crystalline samples used earlier for X-ray crystallography.
C1 carbon gave rise to as many as five different signals. Unfortunately, the crystalline sample of the HFA-CER
Further cooling to 318 K (Figure 7E) caused a simplification analogous to the one used earlier in the X-ray structural
of the spectrum; however, most lines remained duplicated determination (Pascher & Sundell, 1977) was not available.
with roughly equal intensities of the doublet components In addition, the*C CP-MAS NMR spectrum of the authentic
(C=0, 177.1, 172.0; C198.5, 97.5; Ch 64.4, 62.8; C2, crystalline sample of hexamethyl cerebroside (Nyholm et al.,
50.5, 49.0). The C4 and C5 signals seemed to be als01990) used for X-ray study was very broad, indicating sample
doubled, but their site-specific assignment is uncertain. aging. Ultimately, we obtained a reference set €
Further decrease in temperature to 298 K (Figure 7F) causedchemical shifts by determining the conformation of cere-
mainly line broadening without major chemical shift changes. broside in solution by the analysis of spigpin coupling

1988a,b). Cooling the sample further to 315 K (Figure 8D)
298 K

298 K resulted in slight narrowing of the sphingosine signals and
broadening of the galactose signals, but no changes in
180 130 100 2;0 ' 60'
PPM
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Ficure 9: Projections of the most stable conformatiopg(6,/
03) of cerebroside: (A)-sc/apt-sc/ap; (B)—sc/ap/ap/ap; (Cysc/
—sc/ap/ap withy = —96° (C, Nyholm et al., 1990); and (D}sc/ NFA-CER
—sclap/ap withy = —60° (D, Nyholm & Pasher 1993). Ficure 10: Comparison of the predominant conformations of NFA-
CER and SPM indicating 1,8yninteraction of H1 and Hj} in
constants and NOE values. Chemical shifts in different cerebroside, and Hiand the phosphoryl oxygen atom in SPM.

bilayer phases were then compared with those in solution, shown in Figures 1 and 2. This tentative assignment is based
and the most prominent changes in chemical shifts of the o comparison of the chemical shifts and coupling constants
specific carbon atoms were interpreted in terms of the of sphingomyelin (SPM; Bruzik, 1988b) and the cerebroside
conformational differences in the vicinity of tHéC probe. as follows: the positions of the Hproton in NFA-CER
Our interpretation is limited to the chemical shift of signals gnd HEA-CER are very similar to that of Hbf sphingo-
of the anomeric, carbonyl, C2, and hydrocarbon carbons myelin (4.14 ppm and 4.10 ppm in NFA-CER and HFA-
because of the spectral congestion in the range of othercggr, respectively, vs 4.11 ppm in SPM), whereas the
carbons. position of the Hi proton is strongly shifted downfield in
Conformation of Cerebroside in Solutionfhe analysis ~ SPM (3.97 ppm in SPM vs 3.60 ppm in NFA-CER and 3.71
of the coupling constant information indicates that the ppm in HFA-CER). A similar large chemical shift difference
galactose ring remains in the preferréith conformation,  between Hiand H1, observed in cerebroside is also typical
favored due to the anomeric effect and the conformational of more complex sphingolipids (ca. 0.45 ppm; Dabrowski
preference of the hydroxyl and hydroxymethylene groups et al., 1988). Further analogies between cerebrosides and
in the pyranose system. The NOE data further indicate that SPM include coupling constan®dyia 2 (4.8 Hz in NFA-
the predominant conformation about the' €01 bond isp CER, 5.5 Hz in HFA-CER vs 4.6 Hz in SPM) add1p-+2
= —sg¢, in agreement with thexcanomeric effect (see the (3.5 Hz in NFA-CER, 3.3 Hz in HFA-CER vs 3.2 Hz in
next section for discussion). The orientation of the galactose SPM). These parameters indicate that e = —sc
ring with respect to the hydrocarbon chains is hence conformer is the predominant species (ca. 65%) in both
determined by a combination of three torsional angles cerebroside and SPM. The conformation of SPM about the
affecting bonds between the anomeric carbon and theC1-01 bond is mainly ap (Bruzik, 1988b). The only major
sphingosine C3y, 61, and63). The more intense H* difference between cerebroside and SPM, the downfield shift
H1, cross-peak as compared to the'H#1, interaction in - of the H3, proton in SPM, can thus be explained by the field
the NOESY spectra of both NFA-CER and HFA-CER clearly effect brought about by the proximity of the Kfroton to
indicated a smaller distance between the anomeric protonthe P-O dipole of the phosphate group in SPM (Figure 10),
and the upfield Hi, than the downfield Hiproton. The  as opposed to the anomeric proton in cerebroside. Note that
calculation of the time-averaged HiH1, distance was  since the phosphate group has three oxygen atoms substitut-
according to the equationyy—nib = rib-H1l NOEH1b-H1d ing for other ligands in cerebroside, the apposing arrangement
NOEy-+16] ¥ (Widmalm et al., 1992), where the determined of H1, and the phosphoryl oxygen would result regardless
NOEn1a-n1o = 0.23 serves as an internal calibration device, of any specific conformation about the-®1 bond. The
and where the distance between geminal protansHi, = assignment of the Hlproton to thepro-R position gives
1.73 A gives a time-averaged distancergf i, = 2.1— rise to a greater contribution of tig = ap conformation
2.2 A. This value and the fact that the NOE between H1 about C+C2, and virtually eliminates thésc conformation.
and H% was not observed suggest a singlsc/ap conforma-  The opposite assignment, suggesting the combination of the
tion about thep andy angles, respectively, in agreement +sc/ap conformations in th@,/6s angles, would result in
with the conformation shown in the X-ray structure data of the unfavorable 1,3yn orientation of the O-1 and O-3
HFA-CER (Figure 9A) (Pascher & Sundell, 1977; Pascher oxygens of sphingosine (Nyholm & Pascher, 1993). The
etal., 1992) and predicted by the MM3 calculations (Nyholm analogous conformations of glycerophospholipids are there-
etal., 1993). Itis possible that a small amount of thec/ fore not populated in solution (Hauser et al., 1988), and were
—sc or—sc/sc conformations is also present, since NOE datanot found in any of the reported X-ray structures of
are known to exaggerate the amount of conformations with phospholipids (Pascher et al., 1992). The distributiofi;of
the closest contacts. rotamers between-sc and ap, which would require the
Both the vicinal coupling information and the cross-peak stereospecific assignment of Haspro-S and H1, aspro-
intensity in the NOESY spectra indicate that the conforma- R, is thus more consistent with the predominant phospholipid
tion about C+C2 (f,) is predominantly—sc. The exact  conformations. Overall, the most likely predominant con-
calculation of the contribution oftsc and ap rotamers formation of cerebroside in solutiop/i/6./63) is —sclap/
depends on the stereospecific assignment of &l H1, —sc/ap (Figure 9A), although there is significant contribution
protons. Without access to cerebroside analogs stereoseledrom the /6, = ap/ap conformation (Figure 9B), and a
tively deuterated at the C1 position, this problem cannot be smaller one from they/6, = —sc/—sc rotamer (Figure 9C).
solved with certainty; however, the available data suggest According to the MM3 calculations, all three conformations
the assignment of the KProton to thepro-R position as are among those with the lowest energy (Nyholm & Pascher,




Conformation of Cerebrosides in Lipid Bilayers Biochemistry, Vol. 36, No. 3, 199573

1993). The—sc/apt-sc/ap conformation (9A) is featured shifts. Fora-glycosides, the existence of the correlation
in the X-ray structure of HFA-CER (Pascher & Sundell, between they angle and*C NMR chemical shift of the
1977), the—sc/ap/ap/ap conformation is most consistent with anomeric carbon has been established (Bock et al., 1986;
the earlier proposed orientation of the hexose residue in theVeregin et al., 1987; Gidley & Bociek, 1988; Durran et al.,
liquid-crystalline bilayers of cerebroside (9B) (Skarjune & 1995). In brief, the position of the anomeric carbon signal
Oldfield, 1982), and the-sc/sc/ap/ap conformation (9C) s shifted upfield as the distance between the anomeric and
is consistent with the crystalline state conformation of the aglycon protons increases (Bock et al., 1986), or asythe

permethylated cerebroside (Nyholm et al., 1990). angle decreases. Forglycosides, a decrease in angle
Conformation of Cerebroside in Bilayerdn view of the by 1C results in a downfield shift of th&C signal by ca. 2
large values of conformationally induced changesa ppm, and the whole range of conformationally induced shift

chemical shifts (Saito, 1988), the remarkable similarity of is ca. 10 ppm (Durran et al., 1995). The vs ¢
these shifts for cerebrosides in the monomer state in solution,dependence has been used to evaluate conformations of
and in the aggregated liquid-crystalline state of bilayers, a-cyclodextrins and amyloses (Gidley & Bociek, 1988), and
suggests that under both conditions the conformations offor determination of configurations of alcohols via the
cerebrosides are analogous. In fact, more significant dif- corresponding diastereomeric glycosides (Kochetkov, 1984).
ferences are observed between the DMSO and methanolt was also predicted that an analogous correlation should
solutions: C3 (1.2 ppm), C4 (1.4 ppm), C5 (2.8 ppm), and exist for3-glycosides (Bock et al., 1986), but the paucity of
C1 (ca. 2 ppm). The extensive similarity of th&C NMR available experimental data precluded verification of this
chemical shift for cerebroside in solution and in liquid- suggestion. The dependence'#® shifts on the magnitude
crystalline bilayers strongly suggests that the conformations of the ¢ angle originates, most likely, from the so-called
of both HFA-CER and NFA-CER are analogous in solution y-effectin NMR (Bierbeck & Saunders, 1976). The 5 ppm
and in the liquid-crystalline states, and in the case of HFA- upfield shift upon gel phase relaxation is interpreted here as
CER also in the metastable gel phase. This similarity can an indication of the reorientation of the galactose ring from
be understood in terms of the relatively weak intermolecular the ¢/yy = —sc/ap conformation suggested by the study in
interaction in the two former physical states. Under rapid solution (this work), in the liquid-crystalline state (Skarjune
molecular tumbling in solution, or with fast lateral movement & Oldfield, 1982), and in the crystalline state (Pascher &
in the liquid-crystalline state, the formation of strong Sundell, 1977) to-sc/—sc suggested by the X-ray study of
intermolecular complexes, capable of changing conforma- permethylated cerebroside (Nyholm et al., 1990). Due to
tional equilibria, does not take place, or is quite limited. The the y-effect, this conformational change should also cause
rapid quenching of the liquid-crystalline state to the meta- an upfield shift of the C2 signal, which is in fact observed.
stable gel state simply traps the predominant conformationallt is interesting to note that the position of the anomeric
species. This conclusion is justified by the fact that the only carbon can be shifted downfield as much as to 106.3 ppm
difference between the spectra of the liquid-crystalline phasein NFA-CER (Figure 7, spectrum C) or upfield to 96.5 ppm
and the metastable gel phase is the larger line widths in thein HFA-CER (Figure 7, spectrum E), thus spanning almost
latter. The large line widths in the metastable gel phase canthe entire expected conformationally-dependent shift range.
be interpreted in terms of slow exchange between confor- These extreme values 6fs:c for C1' most likely represent
mational isomers, or the existence of frozen rotamers the purey = ap ory = —sc conformers. As explained
occupying a relatively narrow conformational space. With earlier, it is unlikely that the observed changes in the
NFA-CER, the formation of the metastable gel is followed chemical shift of the Clcarbon shown in Figures 7 and 8
by fast relaxation, so that no spectra of the metastable phasere due to an inversion of the galactose ring, or a change in
could be obtained with this lipid. the ¢ angle.

In contrast, large differences were observed between the It is worthwhile noting, that each stable gel phase of NFA-
liquid-crystalline and the gel phase of NFA-CER and CER and HFA-CER contains two inequivalent molecules as
between the metastable and stable phases of HFA-CERmanifested by the doubling of resonances of the carbonyl
which are reflective of significant conformational disparities group (177.1 and 172 ppm in NFA-CER and 178.4 and 174.1
between these states. The most prominent difference beppm in HFA-CER), the complex appearance of the C4 and
tween the'3C NMR spectra of the relaxed and metastable C5 signals, and the doubled signal of'G%8.4 and 97.5
gels is in the position of the signal of the anomeric carbon. ppm in NFA-CER, and 98.4 and 96.5 ppm in HFA-CER).
The available data on the conformational dependence ofJudging from the ca. 1:1 intensity ratio of resonances in the
chemical shifts of the anomeric carbon in glycosides show spectra of NFA-CER, it is possible that the two sets of lines
a strong dependence on the orientation of the glycosidic represent individual inequivalent molecules of the dimeric
oxygen atom with respect to a pyranose ring- (or unit in the solid lattice. The fact that in the case of HFA-
pB-configuration, anomeric effect) (Jarvis, 1994; Kirby, 1983; CER these resonances are not of equal intensity would argue
Lemieux et al., 1979; Bock & Thggersen, 1982), and on the against the molecular complexes of inequivalent molecules,
¢ angle exaanomeric effect) (Thggersen et al., 1982; Houk but rather would suggest the coexistence of domains with
etal., 1993; Tvaroska & Bleha, 1989). In line with thec slightly different packing modes.
anomeric effect, the angle is close to-sc in most X-ray Hydrogen Bonding in the Gel Phase and Anhydrous State.
crystal structures of carbohydrates (Jeffrey, 1990), and thelt is worthwhile to point out that thé3C CP-MAS spectra
theoretical calculations also show a high degree of conver- of anhydrous samples are consistent with the IR data reported
gence in thep angle among many glycosides (Thggersen et earlier (Bunow & Levin, 1980) indicating that the solid state
al., 1982; Bock et al., 1986; Tvaroska & Bleha, 1989). In of NFA-CER is very similar to the hydrated gel phase, and
contrast, they angle is subject to considerable variations that the solid state of HFA-CER is much different from that
which are reflected in significant differences*#& chemical of the hydrated gel (presumably metastable). Another IR
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study (Lee et al., 1986) indicated the existence of a strong Boggs, J. M. (1987Biochim. Biophys. Acta 90@53-404.
hydrogen bond to the carbonyl group in the stable gel phaseBoyd, B., Magnusson, D., Zhand, Z. Y., & Lingwood, C. A. (1994)

of NFA-CER. Our results are in full agreement with these
findings. The low-field chemical shift of the carbonyl group

Eur. J. Biochem223 873-878.
Bruzik, K. S. (1988a)). Chem. Soc., Perkin Trans, 423-431.
Bruzik, K. S. (1988b)Biochim. Biophys. Acta 93816—326.

of anhydrous HFA-CER at 178.5 and 179.5 ppm (Figure 8H) Bryzik, K. S., Sobon, B., & Salamonczyk, G. M. (199ipchem-

indicates that this group is involved in hydrogen bonding,
while the high-field shift of the &0 group of anhydrous

NFA-CER at 172.5 ppm (Figure 7G) indicates the absence

of hydrogen bonding.
Hydrocarbon Chain CrystallizationThe onset of crystal-

istry 29 4017-4021.
Bunow, M. R., & Levin, I. W.(1980Biophys. J. 321007-1021.
Curatolo, W. (1982Biochemistry21, 1761-1764.
Curatolo, W. (1987Biochim. Biophys. Acta 906.11-136.
Curatolo, W., & Jungalwala, F. B. (198Bjochemistry 246608—
6613.

lization, manifested by the appearance of the signal at 32.7Dabrowski, J., Egge, H., & Hanfland, P. (1980)em. Phys. Lipids
ppm at the expense of the signal at 29.7 ppm, is clear at 330_ 26, 187-196.

K, and the whole crystallization process is almost complete

at 328 K. These temperatures are-1®% K lower than the

reported temperatures of the main phase transitions (NFA-

CER, 345 K; HFA-CER, 341 K) (Curatolo, 1982) obtained
from the heating curves.

However, since each of the
presented spectra was accumulated over several hours, th

Dabrowski, J., Dabrowski, U., Bermel, W., Kordowic, M., &
Hanfland, P. (1988a). Am. Chem. Soc. 116149-5155.

Dabrowski, J., Trauner, K., Koike, K., & Ogawa, T. (198&Hem.
Phys. Lipids 4931—37.

Durran, D. M., Howlin, B. J., Webb, G. A., & Gidley, M. J. (1995)
Carbohydr. Res272, C1-C5.

gstep, T.N., Calhoun, W. |, Barenholz, Y., Biltonen, R. L., Shipley,
G. G., & Thompson, T. E. (198@iochemistry 1920—24.

intensities of the resonances at 32.7 and 29.9 ppm represengorhes J. Husted, C., & Oldfield, E. (1988h)Am. Chem. Soc.

most likely a thermodynamic equilibrium between the

110,1059-1065.

crystalline and melted phases, although these intensities couldrorbes, J., Bowers, J., Shan, X., Moran, L., Oldfield, E., &

be affected by the kinetic phenomena of chain crystallization

occurring over the time required for spectra acquisition.

CONCLUSIONS

The results described in this report are significant in three

Moscarello, M. A. (1988b)). Chem. Soc., Faraday Trans, 1
84, 3821-3849.

Gidley, M. J., & Bociek, S. M. (1988)). Am. Chem. Soc. 110
3820-3829.

Hakomori, S., & lgarashi, Y. (1995). Biochem. 1181091-1103.

Haas, N. S., & Shipley, G. G. (199Bjochim. Biophys. Acta 1240
133-141.

aspects: (i) they indicate that the conformation of cerebroside Haasnot, C. A. G., De Leew, F. A. A. M., & Altona, C. (1980)

is not affected by its aggregation into the fluid bilayer

assembly, suggesting that the overall conformation is pri-

marily determined by the intrinsic energy of the monomer
rather than by intermolecular interactions; (i) in the solution

Tetrahedron 362783-2792.

Harris, P. L., & Thornton, E. R. (1978). Am. Chem. Soc. 100
6738-6745.

Hauser, H., Pascher, ., & Sundell, S. (1988pchemistry 27
9166-9174.

and liquid-crystalline states, the predominant conformer hasHouk, K. N., Eksterowicz, J. E., Wu, Y.-D., Fuglesang, C. D., &

the galactose moiety in th#/y/6, = —scl/apf-sc conforma-
tion, allowing significant mobility of individual molecules
and head group hydration; (iii) the transition from the liquid-

crystalline phase to the stable gel phase involves most likely

reorientation of the galactose residue from the layer-

perpendicular to the layer-tilted position via the rotation about

C1-01 (y) bond of the sphingosine. These results further
underscore the usefulness '8€ CP-MAS NMR in deter-

Mitchell, D. B. (1993)J. Am. Chem. Sod 15 4170-4177.
Howard, K. P., & Prestegard, J. H. (1996)Am. Chem. Soc. 117
5031-5040.

Jarvis, M. C. (1994 Carbohydr. Res. 259811-318.
Jeffrey, G. A. (1990)Acta Crystallogr. B4689—103.

Kirby, A. J. (1983)Relatiity and Structure Concepts in Organic
ChemistryBerlin, Springer-Verlag, Berlin.

Klyne, W., & Prelog, V. (1960Experientia 16 521—-523.

Kochetkov, N. K., Chizkov, O. S., & Shashkov, A. S. (1984)
Carbohydr. Res. 133173-185.

mination of lipid conformations in the aggregated state, and y crner 7. A W. Cary, L. W., Li, S-C., & Li, Y.-T. (1979).

in studies of the mechanism of lipid phase transitions at the

molecular level.
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