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Conformation of the polar headgroup of sphingomyelin and its analogues
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The conformation of the polar headgroup of synthetic D-erythro-stearoylsphingomyelin (1), its L-threo-iso-
mer (2) and phosphorothioyl analogues of 1 (3 and 4) has been studied in detail by high-resolution NMR
spectroscopy. In both monomeric and aggregated states the phosphocholine function of 1 adopts the
synclinal conformation (a; torsional angle), in analogy with phosphatidylcholine (Hauser, H., Guyer, W.,
Pascher, L., Skrabal, P. and Sundell, S. (1980) Biochemistry 19, 366-373). The conformation about the
C1-C2 bond (8, angle) of the sphingosine backbone is predominantly —synclinal, analogously to the
conformation of the crystalline galactosyl cerebroside (Pascher, 1. and Sundell, S. (1977) Chem. Phys. Lipids
20, 175-191). In contrast, the L-threo-isomer displays unrestricted rotation about C1-C2 bond. The
possibility of the existence of a hydrogen bond between the 3-hydroxyl function and the bridged oxygen
atom of sphingosine responsible for the different conformation of 1 and 2 is discussed. The modification of
the phosphate function in 1 with sulfur has no significant effect on the conformation of the resulting
analogues. The conformation of all studied compounds about the C—O phosphoester bonds (a, and a,
torsion angles) is mainly antiperiplanar. Similar to other double-chain phospholipids, sphingomyelin shows a
preference towards the antiperiplanar conformation about the C2—-C3 bond.

Introduction mation of sphingolipids comes from the works of

Abrahamsson [1,2] and Pascher [3,4] on lipid X-ray

Despite the widespread occurrence of various
sphingolipids in nature, the conformation of these
lipids in monomeric and aggregated state is far
less known compared to glycerol-based ones. Most
of information regarding the structure and confor-
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PsC, 1,2-dipalmitoyl-sn-glycero-3-thiophosphocholine; DMPG,
1,2-dimirystoyl-sn-glycero-3-phosphoglycerol.
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crystallography, and some related data are
scattered amongst synthetic papers [5—8] or can be
retrieved from the results on conformations of
liposaccharides [9-12]. As was shown in the case
of glycerophospholipids, the conformation in solu-
tion may be also a preferred one in the aggregated
state [13,14). The study presented in this paper is
aimed at the elucidation of the conformation of
sphingomyelin (2-N-acylsphingosyl-1-phosphocho-
line) in monomer state and of the effect of struc-
tural modification on its conformational proper-
ties.

As a basic structure we have chosen D-erythro-
2-N-stearoylsphingosyl-1-phosphocholine (1),
which is a representative sphingomyelin species
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widely distributed in animals [15,16]. The ana-
logues studied included L-threo-2-N-stearoylsphin-
gosyl-1-phosphocholine (2) and (Sp)- and (Rp)-
diastereomers of the phosphorothioyl analogue of
1: (Sp)-3 and (Rp)-4 (see Scheme I). The ana-

H_.C

27713
N
O.
\P/ NN\
N
-
Ry =H, R, =OH, X:=Y=0, D-erythro-SPM (1)
R, zOH, R, =H, X:Y:0. L-threo-SPM (2)
Ry = H, R, =OH, X=z0,Y:S; (Sp)-SPSM (3)
Ry =H, R, =OH, X:zS$, Y0 (Rp)—SF’SM (4)

Scheme 1. Structure of D-erythro-sphingomyelin and of its
analogues studied.

logues were constructed to establish the role of the
sphingosine 3-hydroxyl function and the phos-
phate function in determining conformation of
sphingomyelin molecule. Our observations are fre-
quently referenced to the phosphatidylcholine sys-
tem, since the conformation of phosphatidylcho-
line is known in much greater detail [13,14,17-24].
It was also our intention to search for the link
between the thermal phase behaviour of sphingo-
myelin bilayers [25] and conformational flexibility
of this lipid. A recently performed calorimetric
study of the phase behaviour of sphingomyelin
analogues has pointed to the importance of the
configuration at the carbon atom C-3 and at the
phosphorus atom [25].

Methods

D-erythro-2-N-Stearoylsphingosyl-1-phospho-
choline (1) and its analogues 2-4 used in this
study were obtained and purified as described
recently [6,25]. Cyclic 3’,5’-adenosine (.Sp)-phos-
phorothioate was from Boehringer. 1,2-Dipalmit-
oyl-sn-glycero-3-thiophosphocholine (5) was ob-
tained as described [26]. 'H, ’C- and 3'P-NMR
spectra were recorded on Bruker AM-500 and
Bruker MSL-300 spectrometers. The spectra were
acquired at 293 K unless otherwise stated. The
experimental proton—proton coupling constants
and chemical shifts were obtained from 'H-NMR

spectra by iterative simulation using the PANIC
version of the LAOCOON computer simulation
program. The input parameters for the simulation
were obtained from the first-order analysis of the
spectra (where applicable) and from the homode-
coupling experiments. The simulated spectra
shown in Figs. 2 and 3 were obtained by using the
parameters of the high resolution spectra and their
gradual changes to obtain the best fit.

Results
The results presented below follow the notation

of torsional angles introduced by Sundaralingam
[27] (see Scheme II). The analysis of populations

€3 ; C1-C2-C3-C4 ay ONn-P-012-CN
8, ;ON1n-C1-c2-C3 a, P-O12-CNN-C12
a, ,C2-C1-011-P ag 012-CN-C12-N
a, ; C1-ON-P-0O12

2

Scheme II. Notation of torsional angles of sphingomyelin
headgroup according to Sundaralingam [27].

of staggered conformers is based on the Karplus
relationship [28] between the magnitude of the
three-bond coupling constant and the torsional
angle as modified by Abraham and Gatti [29] and
Haasnot et al. [30]. The component coupling con-
stants used were either calculated using formulae
derived by Haasnot et al. [30] for substituted
ethanes and the Huggins element electronegativity
[31], or assumed from low-temperature studies of
conformations of substituted morpholines [32-34].
In the case of phosphatidylcholines, this type of
approach has proved to produce data consistent
with the results of X-ray crystallography [13,14].
X-ray crystallography data also provide the basis
for considering exclusively staggered conforma-
tions in lipids [14,35-37]. Therefore, only the
populational analysis of staggered rotamers about



carbon—carbon and carbon-oxygen bonds of the
phospholipids’ headgroup is dealt with in this
report. All the staggered conformers considered
are drawn in Scheme III and the collection of the
experimental coupling constants used for calcula-
tions is presented in Table 1.

The linewidth of 0.5-1.0 Hz observed in 500
MHz 'H-NMR spectra of sphingomyelins 1-4 in
methanol-d, solution indicates that, within the
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range of lipid concentration 4-50 mM, these com-
pounds exist in this solvent as monomers. The
representative spectra of 1 and 2 in C?H,0%H at
their concentrations 4 mM along with insets of
simulated spectra of the sphingomyelin headgroup
are shown in Fig. 1. Several features apparent
from these spectra and those reported earlier [6]
seem noteworthy.

With the exception of choline protons of L-
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Scheme III. Minimum free energy conformations about carbon-carbon and carbon-oxygen bonds of the polar headgroup of

sphingomyelin (See Scheme II for definitions of of torsional angles). The component vicinal couplings shown are as follows: 6,

(calculated, Ref. 30): J&=4.5 Hz, J/=10.8 Hz, J; =10.8 Hz, J§=3.9 Hz, J§'= 2.2 Hz, J§"” =1.6 Hz; 8, (D-erythro, caiculated,

Ref. 30): Jgg= 30 Hz, J/=9.6 Hz, J§’ =1.8 Hz; 05 (L-threo, calculated, Ref. 30): J8=1.3 Hz, J#¥=9.6 Hz, JE' =36 Hz; oy, a4

(calculated, Ref. 20): J; =Jg=1.77 Hz, Jg’ =209 Hz (Ref. 41): Jg‘= JF =21 Hg, J; = 23.0 Hz; ay (calculated, Ref. 30, values in

parentheses are experimental values from Ref. 39): J& =429 (5.48) Hz, J/=11.93 Hz (12.31) Hz, JE=421 Hz, J§' =1.68 Hz,
JE" =1.68 Hz; J; =11.93 Hz, (J + J§"* = 4.84 Hz, J; + J§’ =13.62 Hz).
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TABLE I

'"H-NMR COUPLING CONSTANTS OF PROTONS OF THE POLAR HEADGROUP OF SPHINGOMYELINS

All couplings were calculated from the 500 MHz 'H-NMR spectra shown in Figs. 2 and 3; (1) */pgcc values for C-2: 7.3 Hz, C,,: 8.0
Hz; (2) C-2: 8.0 Hz, C,,: 7.1 Hz; (3) C-2: 7.5 Hz, C,;: 8.3 Hz; (4) C-2: 7.7 Hz, C,,: 8.1 Hz; subscript A denotes one of the methylene
protons resonating at lower field.

Coupling constant D-erythro-1 L-threo-2 (Rp)-4 (Sp)-3
inC’H,0’H _ inC’HCl, inC’H,0’H _ mC’HCl, nC’H;0’H  inC’H;0°H

3 eouiia 6.90 6.90 6.79 7.5 8.23 8.23
*Jpon11n 6.90 6.90 6.79 7.5 7.01 7.03

3 i1Am12B 7.08 7.08 7.02 7.1 227 2.27
JuneHize 25 6.80 6.80

3 iiBH124 2.46 2.46 2.49 7.0 218 218
3‘,H11AH12A 2.45 7.26 7.26

S oonia 6.53 7.2 6.40 7.0 8.09 7.80
oo 5.77 75 6.45 6.5 7.3 6.6
y1anz 4.61 4.0 6.63 7.5 4.46 493
/TR 3.17 37 6.57 1.5 3.22 3.20

3 voms 8.0 7.0 3.19 31 8.15 7.95

T asma 7.97 6.27 7.60 7.55
“Tuisus 0.5 1.30 0.5 0.7
“Urocen, 1.2 0.0 1.2 1.0

H-12
H-n
H-2 H Ta H-1

H-3 Hetg H-2
H-1
H-1,
DA\

u‘,_/-’/m\‘\
. ) L .
a% 225

L
410

L 1 L L
400 390

3.65 ppm

Fig. 1. Partial 500 MHz 'H-NMR spectra of sphingomyelins in C*H;0?H at 4 mM concentration at the temperature 293 K; (a)
D-erythro-sphingomyelin (1), (c) L-threo-sphingomyelin (2), (b, d) simulated spectra.



threo-2, most of geminal methylene protons in the
spectra of sphingomyelins are both chemically and
magnetically inequivalent. In the case of the 1-CH,
protons of the sphingosine, the difference in the
chemical shift is greater than 0.1 ppm. The gemi-
nal protons of the a-chain forming the MM’ XX’
spin system in the choline group of 1 are also
inequivalent. This is contrasted with the analogous
group of protons of 2 and phosphatidylcholine
[13], where no shift difference is observed. The
small differences in chemical shifts of geminal
protons H-11A, H-11B and H-12A, H-12B in 1
are exclusively responsible for the different shape
of its choline signals as compared to 2 (Fig. 1a, b),
since no difference in pertinent coupling constants
between 1 and 2 was observed (Table I).

The nonequivalence of choline protons H-11 is
increased in the aggregated state of reversed
micelles in CZHC13, where two broad multiplets,
at 4.28 and 4.35 ppm in 1 and at 4.29 and 4.35 in
2, are observed (Fig. 2, concentration of 1 and 2-5§
mM, traces a, c). At lower field (300 MHz) at the
same temperature, the inequivalence of these pro-
tons is largely nullified (trace d). Interestingly,
incorporation of sphingomyelin into reverse
micelles has much smaller effect upon the chem-
ical shifts of other protons (Table II). The chem-
ical shift of the methine proton H-3 in 1 is not
affected, but is shifted downfield by 0.11 ppm in
2. Proton H-1A in 1 is displaced downfield by
0.063 ppm, but it is shifted upfield by 0.09 ppm in

TABLE 11
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H-3 H-MA H-11B H-2 H-1,

1

— 1 1 1 1 1 1
4.40 420 400 380 ppm
Fig. 2. Partial 500 MHz !H-NMR spectra of sphingomyelins in
C2HCI 3 at 5 mM concentration at the temperature 293 K; (a)
D-erythro-sphingomyelin (1); (b) typical simulated spectrum,
(¢) L-threo-SPM (2); (d) 300 MHz spectrum of 1; (e) 300 MHz
spectrum of DPPC.

CHEMICAL SHIFTS OF PROTONS OF SPHINGOMYELIN POLAR HEADGROUPS AT 293 K

Proton D-erythro-sphingomyelin L-threo-sphingomyelin AAS®

position in C*H,0%H in C*HCI, * 48 in CH,0%H in C2HCl; * A

11, 4.28 4.35 0.07 4274 4.35 0.076 ~0.006

11, 4.26 428 0.02 4274 429 0.016 ~0.004

12, 3.63 3.78 0.15 3.63 3.80 0.17 ~0.02

124 3.63 3.78 0.15 3.63 3.80 0.17 -0.02
1. 4.106 417 0.063 3.99 3.90 -0.09 0.153
1y 3.97 3.87 -0.10 3.84 3.82 -0.02 ~0.08
2 3.935 3.93 —0.005 4.05 399 —0.06 —0.055
3 4.05 405 0.0 4.33 4.44 0.11 -0.11
4 5.45 5.44 -0.01 5.45 5.40 —0.05 0.04
5 5.70 5.64 —-0.06 5.73 5.70 —-0.03 —0.03

# Simulated values.

Y The difference of values in columns 3 and 6.
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the case of 2. The proton H-1B in both isomers is
shifted upfield, but the change is far greater in 1
than in 2 (0.1 vs. 0.02 ppm, Table II). The vicinal
coupling constants for choline group are alike in
C?H,0%H and C*HCI, for both isomers and
these of sphingosine undergo rather insignificant
alterations (Table I).

When compared to the behaviour of phos-
phatidylcholine, the aggregation of sphingomye-
lins in C2HCl, causes much more line-broadening
of the protons of the polar headgroup (Fig. 2e).

The increase in the difference of the chemical
shift of H-11 protons is not observed on aggrega-
tion of D-erythro-sphingomyelin into normal
micelles (in mixed solvent C2H,0%H/?H,0). The
simulation of the spectra shown in Fig. 3 (e.g.,
trace b vs. ¢) afforded the values of coupling
constants accurate to within + 0.5 Hz. Only small
changes in the coupling constants and in the
chemical shifts (simulated values) associated with
aggregation were found in the latter solvent.
Among the most affected were the choline pro-
tons, while H-3 and H-1 protons were not affected
at all.

H-12
H-1g H-2

A/\/\/\

| M

+ 1 1 1 4 .A_A_lAA —
435 425

T s 555 365 ppm

Fig. 3. 500 MHz 'H-NMR spectra of D-erythro-sphingomyelin

in C*H;0%H with increasing amounts of 2H,0; (a) 6.8%; (b)

10.9%; (c) simulation of spectrum b; (d) 12.3%; (e) 13.8%
(v/v). Other conditions analogous to those in Fig. 1.

H-1, H-3

Methine proton H-3 displays a different chem-
ical shift, depending on the configuration at C-3
of the sphingosine backbone, with H-3 in 2 shifted
downfield by 0.28 ppm (4.05 in 1 and 4.33 in 2).
This situation is not mediated by sphingomyelin
aggregation. Interestingly, a large difference in the
chemical shifts of protons located at the glycerol
1-sn position (corresponding to position 3 in the
notation adopted in this paper) is the common
feature of all double-chain glycerophospholipids
[13,17,23] and diacylglycerol. The proton shifted
downfield (as in 2) is usually coupled to H-2 with
low coupling constant (approx. 3 Hz), whereas the
upfield proton (as in 1) has a coupling constant in
the range 7-8 Hz. The removal of one of the fatty
acid chains removes or strongly diminishes the
chemical inequivalence of H-3 protons and the
difference in their couplings to H-2 [21,22]. In the
case of sphingolipids such as erythro-dihydro-
sphingosine and threo-dihydrosphingosine, /g,
equals correspondingly 5.5 and 4.9 Hz. The scis-
sion of the P-O bond removes the difference in
the chemical shifts of H-1 protons in both the
sphingo- and glycerolipid series [6]. The removal
of an a-chain abolishes the inequivalence of the
methylene protons at C-1 (8¢, 3.69 ppm, /= 5.1
Hz) in N-stearoylsphingosine and in unesterified
hydroxymethylene function (8¢}, 3.66 ppm, J =
5.4 Hz) of dipalmitoylglycerol in the spectra taken
in methanol solution. In C*HCl,, most probably
due to the formation of a new hydrogen bond of
1-OH to carbonyl group, the large downfield shift
of H-3 (by 0.3 ppm) and the upfield shift of C-4
(by 2.1 ppm), and also a change in the respective
coupling constants: *Jyamz» 3-8 Hz; Vg, 31
Hz; i3, 32 Hz; 3504 6.3 Hz, are observed
(see also Ref. 8).

The modification of phosphate with sulfur in 3
and 4 has virtually no influence on the chemical
shifts of H-3 and H-2 protons, but it causes a
downfield shift of protons vicinal to phosphorus,
induces inequivalence of the H-11 and H-12 pro-
tons, and increases vicinal proton—phosphorus
coupling constants [6].

The chemical shifts of amide protons in 1 and 2
(in C?HCl,) are highly sensitive to the tempera-
ture change (5.8-107% ppm/C*® for 1 and 7.0-
1072 ppm/C° for 2). The corresponding vicinal
coupling constants, *Jyeny, are 8.2 Hz and 6.7
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TABLE III
ROTAMER POPULATIONS OF THE POLAR PART OF SPHINGOMYELINS IN METHANOL-4, AT 293 K

Bond Torsional Conformation Population #
angle 1 5
PO-CH,CH °* a antiperiplanar 0.61 (0.64) 0.58 (0.74)
—synclinal 0.21 0.21
+ synclinal 0.18 0.21
PO-CH,CH ° ay antiperiplanar 0.54 (0.74) 0.56 (0.62)
~ synclinal 0.23 0.22
+ synclinal 0.23 0.22
OCH ,-CH,N ¢¢ as + synclinal 1.00 1.00
antiperiplanar 0.00 0.00
Cc1-c2 ¢ 9, + synclinal 0.26 (0.05) 0.16 (0.16)
antiperiplanar 0.09 (0.31) 0.40 (0.42)
— synclinal 0.65 (0.64) 0.44 (0.42)
C2-C39¢ 6, + synclinal 0.24 (0.45) 0.82 (0.47)
antiperiplanar 0.76 (0.55) 0.18 (0.53)

? In mole fractions.

® Calculated using data from Ref. 40.

© Values in parentheses were obtained from 3/pocc using component coupling constants taken from Ref. 40; estimated error
resulting from low digital resolution in *C-NMR spectra +10%.

9 Component coupling constants were calculated according to Ref. 30 (see caption to Scheme III).

¢ Using component coupling constants from the Ref. 39, the same rotamer populations were found.

! Values in parentheses are rotamer populations obtained via different assignment of diastereotopic protons H1A and H1B.
£ Values in parentheses were calculated using component coupling constants given in Ref. 39.

Hz, respectively. These protons are also instanta-
neously exchanged by treatment with C2H,0%H.

Populational analysis of staggered conformers

Molar fractions of staggered conformers of
sphingomyelins with different torsional angles
were calculated based on the component coupling
constants taken from Partington et al. [38] (as)
from Schleich et al. [39], Lee and Sarma [40] (a;,
a,) or using the seven-parameter equation derived
by Haasnot et al. {30] (4,, 8,). In some instances,
the vicinal coupling constants were adopted from
the literature data obtained for the models struct-
urally close to the system investigated. The frac-
tional populations of staggered rotamers A-S
shown in Scheme III are given in Table III.

Discussion

The conformation of the sphingomyelin
headgroup is determined similarly to other phos-
pholipids by the torsional angles a;—ag, B,-8;
and 8,-6, (Scheme II). The analysis of vicinal

coupling constants obtained in this work does not
afford information about the a,, a; and B angles.
Some indirect evidence comes from 'P- and 3C-
NMR results [41-43]. The missing information
could potentially be gathered by obtaining high-
resolution proton-coupled 3C-NMR spectra. With
the sphingomyelin samples it was difficult to ob-
tain sufficient resolution in *C-NMR as to obtain
the desired long-range "H-'>C coupling constants.
The scope of the present study had thus to be
confined largely to the information arising from
vicinal proton—proton, phosphorus-proton and
phosphorus-—carbon coupling constants.

The calculation of the time-averaged conforma-
tion of acyclic compounds is commonly based
upon population analysis of staggered rotamers
about a specific bond. For the purpose of these
calculations, a knowledge of the component cou-
pling constants is required. These values are nor-
mally obtained from the studies of model com-
pounds with fixed geometry or can be calculated
using the Karplus-type angular dependence of
vicinal coupling constants. The Karplus equation



322

as modified by Haasnot et al. [30] was used to
calculate vicinal proton—proton couplings. The use
of this equation is advantageous because it
accounts not only for the influence of the electro-
negativity of substituents attached to the
carbon-carbon bond, but also for the spatial dis-
position of electronegative substituents with
respect to coupled protons.

The values of */,op adopted were 3/, = 23 Hz,
J,=2.1 Hz from Lee and Sarma [40] and for
Uecops ¥, =10 Hz and *J, = 2.5 Hz from Schleich
et al. [39]. The application of the equation given
by Govil and Hosur [20] gives 20.9, 1.77 for 3J,;cop
and 10.1, 2.07 Hz for *J-¢op, respectively. In the
case of phosphorothioyl diester derivatives, no
estimates of *Jj;cop could be found in the litera-
ture, therefore the respective values were obtained
from '"H-NMR spectra of the (Sp)-isomer of cyclic
3’,5’-adenosine phosphorothioate. The corre-
sponding values were */,=23.4 Hz and °J,=3.3
Hz. These values are in agreement with the princi-
ple that for triester phosphorothioyl derivatives
and a given POCH torsional angle (such as «, and
a,), the magnitude of the vicinal coupling con-
stant, *J;cop, usually exceeds the analogous value
for phosphates [41,44].

a Angles

Inspection of the Table III shows that the
choline group assumes the + synclinal conforma-
tions A and C (Scheme III) about the C11-C12
bond. The result is analogous for all derivatives
studied, regardless of whether the molar fractions
of rotamers are deduced from J values reported
carlier (e.g., from Partington et al. [38]) or calcu-
lated using the equation of Haasnot et al. [30] (see
Table III). This result is in complete agreement
with the conformations of various derivatives of
choline in solution [13,17,21,22,38], in aggregated
forms of phospholipids [13,21,22,45] and in crystals
[36,37,46]. The invariance of choline conformation
is suggestive of its control by the internal energet-
ics of this functional group. It was postulated that
nitrogen and oxygen atoms are kept in close prox-
imity by electrostatic forces [17]. Since the corre-
sponding H-11A, H-11B, and H-12A, H-12B pro-
tons in rotamers A and C are interchangeable by
means of rotation about the C11-C12 bond, un-
der the fast rotation condition their chemical shifts

are averaged out, resulting in only small chemical
shift difference such as the one observed for 1 in
C?H;0%H (or equivalence such as in 2 or phos-
phatidylcholine). In a solvent of low dielectric
constant like chloroform, both intra- and in-
termolecular ionic interactions strengthen and slow
down the rate of rotation about this bond, result-
ing in the large chemical shift difference of the
H-11 protons. If it is assumed that the effect
which is exerted on the nearby proton by a posi-
tively charged nitrogen (H-11B in rotamer A and
H-11A in C) is larger than that of the neutral
oxygen atom, then a much smaller inequivalence
of H-12 protons in the aggregated state is to be
expected.

The conformation of sphingomyelin about C—-O
bonds («, and «, angles) is predominantly anti-
periplanar (E and H) with small amounts of
+ synclinal conformers. The information from the
three bond coupling constants is supplemented by
additional evidence of the observation of the
“Jpoccn between phosphorus and H-2 in 1, 3 and
4 but not in 2. Usually, a greater four-bond cou-
pling constant is observed in the systems adopting
the W-like conformation [41]. This situation paral-
lels the one of other phospholipids [13] and acyclic
nucleotides [40]. In the case of phosphorothioyl
derivatives of phospholipids 3 and 4, calculations
of rotamer populations (based on */pocy) indicate
even stronger preference towards the antiperi-
planar conformation. However, the magnitude of
Jpocce for carbons C-2 and C-12 of all studied
sphingomyelins are equal within the experimental
error, suggesting that no substantial conforma-
tional change about «, angle is taking place in
sphingomyelin analogues 2-4 as compared to D-
erythro-sphingomyelin. For all compounds of D-
erythro series there is a slight preference towards
one of the synclinal rotamers, as indicated by the
inequality of *Jpocy for two H-1 protons (a;). At
the moment, it cannot be decided which of the
synclinal rotamers, G or 1, is the more abundant,
since H-1 resonances were not assigned to pro-R
or pro-S sites. The structural modifications in
compounds 2-4 do not affect the average confor-
mation about the «, angle.

8 Angles
0, and #, angles determine the disposition of



chains «, v and B, v, respectively, in relation to
each other. In the case of natural D-erythro-
sphingomyelin the most abundant conformer is
—synclinal, L, with both H-1 methylene protons
closely spaced with respect to the H-2 proton. The
molar fractions of the conformers J and K are not
known, since the H-1 protons have not been as-
signed their NMR signals. If it is assumed that the
downfield proton, H-1A, is in its pro-R position
(as actually shown in Scheme I, 3,4, = 4.61
Hz), then rotamers J and L are exclusive ones. If,
on the other hand, proton H-1B is pro-R, then
rotamer K accompanies L [50]. As a result, the
molecule of D-erythro-sphingomyelin adopts a
conformation analogous to the ‘shovel’ conforma-
tion found in the crystal structure of B-D-galacto-
syl-N-(2-D-hydroxyoctadecanoyl)-D-dihydroxy-
sphingosine [1]. Sulfur substitution in the phos-
phate moiety exerts no effect and both isomers of
SPsM are characterized by the same rotamer dis-
tribution about the C1-C2 bond, as in 1. It is
important to note that, in the absence of any
stabilizing factors, rotamer L should not be the
one of least energy, due to steric repulsions caused
by the close proximity of the large atoms.

On the other hand, the L-threo-isomer, 2, dis-
plays unrestricted rotation about the C1-C2 bond
with all three staggered conformers J-L signifi-
cantly populated. In this regard, the conformation
of 2 resembiles this of phosphatidylcholine in solu-
tion {13].

The precise analysis of the populations of
rotamers about C2-C3 bond is limited by the fact
that only one vicinal coupling constant is availa-
ble. However, per analogy with the crystal struc-
tures of glycerophospholipids and cerebroside, the
conformation O with substituents N and C-4 in
the opposite arrangement has been neglected and
two remaining, M and N, with these atoms in
synclinal positions were considered in order to
account for B- and y-chain stacking. Employing
calculated component coupling constants, the pre-
dominant antiperiplanar conformation, N, is pre-
dicted. The accuracy of the rotamer calculation in
the case of the L-threo-isomer, 2, suffers from a
small difference in the calculated coupling con-
stants for the two rotamers considered (1.3 and
3.6 Hz for R and P), with an estimated error of
such calculation +0.5 Hz [30]. The application of
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these values suggests that rotamer P is the domi-
nant one (Table III). The alternative use of the
experimental coupling constants obtained in vari-
ous model studies [32—34,47] also introduces un-
certainties due to seemingly conflicting reports.
The application of data from Refs. 32 and 47
leads to contradictory conclusions as to the par-
ticipation of rotamers P and R. We propose the
rotamer R is more abundant in this case, based on
the following grounds: (i) relatively unrestricted
rotation about C1-C2 bond in 2 (as opposed to 1)
requires that the 3-hydroxyl function be engaged
in the interaction with a functionality other than
phosphate or the bridged oxygen at C-1 (see the
following section for the discussion of the H-
bonding in sphingomyelin); (ii) the synclinal rela-
tion of amide nitrogen and 3-hydroxyl in R en-
ables formation of an efficient H-bond between
the carbonyl function and the hydroxyl group. (iii)
The chemical shift of the H-3 proton in 2 is very
close to this of H,¢ while §,; of H-3 in 1 is similar
to pro-H, of phosphatidylcholine. Likewise, the
coupling constants /y,p; in 1 (8.0 Hz) and in 2
(3.19 Hz) are analogous to the *Jy,x (7.0 Hz)
and *Jyms (3.3 Hz) of phosphatidylcholine
[13,23]. In the latter case, based on the two cou-
pling constants available, it was found that the
rotamer with the chains y and « in the antiperi-
planar position is the dominant one {13,23]. This
conformation is also found in the crystal structure
of DMPC [36], DLPE [48], DMPA [37], DMPG
[49] and cerebroside [1,3]. It is therefore reasona-
ble to postulate that also in the case of 1 and 2 the
analogous conformations N and R predominate,
respectively. Although it is not possible at present
to account for all factors controlling the chemical
shift of the H-3 proton, it is clear that in the
rotamer R the o._, bond opposite to H-3 should
create a substantial deshielding effect on this pro-
ton. Such an effect is absent in the rotamer N,
where H-3 is antiplanar in relation to H-2.

Hydrogen bonding control of sphingomyelin
headgroup conformation

The existence of stable hydrogen bonds stabiliz-
ing sphingolipid conformation in solids and in
lipid bilayers has been postulated on several occa-
sions [3,42,51]. The observation of the hindered
rotation about the C1-C2 bond in D-erythro- but
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not in L-threo-sphingomyelin suggests that in
sphingomyelin the conformation about the ¢, an-
gle is particularly dependent on the configuration
at C-3. As a possible explanation of this fact, we
propose the formation of the hydrogen bond be-
tween the sphingosine hydroxyl function and the
phosphoryl or the bridging oxygen stabilizing the
+synclinal (J) and —synclinal (L) rotamers. In
both rotamers, the oxygen atoms at the C-1 and
C-3 carbon are in the synclinal positions (see also
Fig. 5). The involvment of the amide function in
the hydrogen bonding with the bridged oxygen is
another explanation for the cause of the rotation
restriction in case of 1. The existence of such
stabilization has been proposed in the case of the
crystalline cerebroside [4]. The strong temperature
dependence of the chemical shift of this proton in
chloroform solution of D-erythro- and L-threo-
sphingomyelin and their exchangeability dis-
favours this hypothesis in the case of sphingomye-
lin. The formation of the H-bond between the
amide proton and phosphoryl oxygen can be also
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ruled out based on similar grounds and because it
would require significant population of the synclhi-
nal conformation about O11-C1 bond.

We expect that a hypothetical hydrogen bond
between the phosphate and the 3-OH function
should vary the relative populations of rotamers
about 4, in 1 and 2 and also about a, in 3 and 4.
Formation of such bond would require a popula-
tion of sc¢ rotamer about «, (equivalent to time-
averaged torsional angle, a,, significantly less than
180°) and a slight bend in 6,. In view of the
known dependence of the chemical shift of phos-
phorothioate diesters upon the protonation, phos-
phorothioyl analogues 3 and 4 should be particu-
larly useful in the detection of the H-bond to the
phosphate group. In (Rp)-SPsM, the phosphoryl
oxygen atom is in a suitable position for hydrogen
bonding in the sc¢ conformation (a,) of the phos-
phate, while in the (Sp)-isomer, formation of this
bond would require a conformational change of
the phosphate into an ap arrangement. If a hydro-
gen bond existed in both diastereomers, this would
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Fig. 4. Solvent dependence of the 3'P chemical shifts of thiosphingomyelins. Samples dissolved in C2HCI, (5 mM) at 293 K were
titrated with methanol. @, (Sp)-SPsM (3); &, (Rp)-SPsM (4); @, (Rp)+(Sp)-DPPsC.



result in a higher upfield shift in the *'P-NMR of
the (Rp)-isomer than of the (Sp) one in the
solvent-enhancing H-bonds. In fact, the opposite
is observed (Fig. 4). On the other hand, the forma-
tion of the intermolecular hydrogen bond to phos-
phate (e.g., with protic solvent after its addition)
should lift or minimize the difference of the *'P
chemical shifts. In addition to the already re-
ported NMR data [6], we have carried out the
measurements of the chemical shifts of SPsM di-
astereomers in C?HCI, titrated with methanol. As
the reference compound in which no intramolecu-
lar hydrogen bonding to phosphodiester group
occurs, the mixture of diastereomers of 1,2-di-
palmitoyl-sn-glycero-3-thiophosphocholine, 5 (DP-
PsC) was chosen. The plot of these shifts as a
function of methanol content is shown in Fig. 4.
The largest chemical shift change takes place in
the low range of methanol concentration, proving
that the observed effect is due to the solvation of
the phosphorothioyl function rather than caused
by change in the medium polarity. It is clear that
the solvent dependence of the chemical shift is
steeper in the case of (Rp)-SPsM than in (Sp)-
SPsM. DPPsC displays the highest sensitivity to
methanol additions but, nonetheless, overall dif-
ferences between the behaviour of (Rp)-SPsM,
(Sp)-SPsM and DPPsC are small. The behaviour
of D-erythro-sphingomyelin is very similar to L-
threo-sphingomyelin (data not shown). As the
rotamer populations about §, are very close in all
erythro compounds, the stabilization of —sc con-
formation takes place regardless of sulfur substitu-
tion. We conclude therefore, that the acceptor site
of the hypothetical hydrogen bonding in D-
erythro-sphingomyelin is the bridging ester oxygen
atom rather then the phosphoryl oxygen. The for-
mation of the hydrogen bonding would be possi-
ble in the motion-averaged conformation repre-
sented in Fig. 5.

In the case of L-threo-sphingomyelin, the for-
mation of this hydrogen bond could be prevented
by the engagement of the 3-hydroxyl function in
another hydrogen bond, e.g., with the carbonyl
function. In fact, the predominant rotamer about
the 6, angle is R (see above discussion on §, angle
in 2) with the nitrogen atom in the vicinity of the
hydroxyl function. However, the existence of such
hydrogen bond in 2 would require a 8, angle of
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Fig. 5. The most probable, motion-averaged conformation of
the sphingosine backbone region of D-erythro-sphingomyelin.

approx.— 120° instead of the 120° normally
found in most lipids [4,14], and no clear-cut evi-
dence for this hydrogen bond is available at this
tume.

The conformational study presented in this
paper lends some support to the hypothesis that
recently observed differences in the thermal phase
behaviour of 1 and 2 may be caused by the
different molecular conformation of these com-
pounds [25]. Although the different phases under-
going transitions were not characterized, it was
observed that the behaviour of 2 is analogous to
that of saturated phosphatidylcholines, while syn-
thetic 1 displays complicated metastable be-
haviour. The major differences in phase behaviour
were also observed in hydroxy-fatty acids contain-
ing cerebroside and palmitoyl cerebroside [52]. It
is not possible at present to provide decisive evi-
dence for the control of these phenomena by the
conformational properties of molecules. Further
study to solve this problem is in progress.
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