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Abstract

The conformational features of dihydrosphingomyelin (DHSM), the major phospholipid of human lens membranes, were
investigated by 'H and 3'P nuclear magnetic resonance spectroscopy. Several postulates emerge from the observed trends:
(a) in partially hydrated samples of DHSM in CDCl; above 13 mM, at which lipid-lipid interactions prevail, the amide
proton is mostly involved in intermolecular H-bonds that link neighboring phospholipids through bridging water molecules.
In the absence of water, the NH group is involved in an intramolecular H-bond that restricts the mobility of the phosphate
group. (b) In the monomeric form of the lipid molecule, the amide proton of the major conformer is bound intramolecularly
with one of the anionic and/or ester oxygens of the phosphate group. A minor conformer may also be present in which the
NH proton participates in an intramolecular H-bond linking to the OH group of the sphingoid base. (c) Complete hydration
leads to an extension of the head group as water molecules bind to the phosphate and NH groups via H-bonds, thus
disrupting the intramolecular H-bonds prevalent at low concentrations. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction choline in 1927 [3]. The sphingoid base in SM is
sphingosine, an 18-carbon amine diol: 1,3-dihy-

Sphingophospholipids or sphingomyelins (SMs) droxy-2-amino-4-octadecene, whose enantiomeric

are the most abundant sphingolipids in biomem-
branes [1,2]. The most commonly occurring sphingo-
phospholipid in animal tissue membranes is SM
whose structure was proven to be N-acyl-sphingo-
sine-1-phosphorylcholine or ceramide-1-phosphoryl-
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configuration is D-erythro, as the chiral carbons 2
and 3, to which OH and NH, groups attach, respec-
tively, are in the 2S5,3R configuration [4]. The trans
double bond is located between carbons 4 and 5 of
sphingosine [4]. Until recently, only very small
amounts of the saturated base 1,3-dihydroxy-2-ami-
no-octadecane, also known as dihydrosphingosine or
sphinganine, had been reported in natural mem-
branes [5].

The phospholipid composition of plasma mem-
branes of human lenses is unique as these membranes
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contain a sphingolipid which is unusual in both its
nature and high content. This component, mistak-
enly believed to be SM for several decades [6-8],
was first reported as an unknown phospholipid in
1991 [9] for its 3'P chemical shift did not match
that of any phospholipid found in other membranes.
In 1994, we were able to isolate this unknown phos-
pholipid [10] and identify it [10,11] as p-erythro di-
hydrosphingomyelin (DHSM). As shown in Fig. 1,
DHSM differs from SM in that its sphingoid base,
sphinganine, does not contain the double bond be-
tween carbons 4 and 5 found in SM. DHSM ac-
counts for about 50% of the phospholipids in human
lens membranes. Interestingly, and unlike SM, this
unusually high amount of DHSM does not change
with age and lens region [12]. Membranes of other
mammalian lenses [13] and other tissues contain only
minuscule amounts of DHSM [5]. Literature reports
dealing with DHSM before 1994 are scarce [14-17],
possibly because this lipid was thought to be a very
minor component in most membranes. Until now,
most of the structural characterization on sphingo-
phospholipids has focussed on SM [18-29], and
there are no reports on the structural properties
and biological role(s) of DHSM. We have shown,
however, that the gel to liquid crystalline phase tran-
sition temperature, 7., of DHSM isolated from hu-
man lenses is 41°C, 9°C higher than that of SM [30].
This is indicative of stronger intermolecular associa-
tions established by DHSM in membrane organiza-
tions.

Interestingly, in the de novo synthesis of SM [31],
dihydroceramide (sphinganine+fatty acid) is formed
first. The double bond is then introduced to result in
ceramide. The addition of the phosphorylcholine
head group to ceramide represents the final step in
the synthesis of SM. It appears then that this double
bond may impart specific conformational features
needed for the proper function of biomembranes.
Another very intriguing aspect related to the biolog-
ical role(s) of sphingolipids emerged in the late
1980’s, when the metabolic products of SM, ceram-
ide, sphingosinephosphorylcholine and sphingosine,
were proposed to act as lipid second messengers in
cell-signaling mechanisms involved in a variety of cell
processes, including cell growth, differentiation and
programmed cell death or apoptosis [32-37]. In sev-

eral of these processes, the presence of the double
bond between carbons 4 and 5 appears to be critical.

Another unusual feature of human lens mem-
branes is the extremely high amount of cholesterol
present. While most mammalian membranes exhibit
a molar ratio of cholesterol to phospholipid of less
than one, this ratio averages three in human lenses
[38,39]. Recent studies have demonstrated the pres-
ence of lipid clusters rich in cholesterol and sphingo-
lipids in some cell membranes [40-42]. Some of these
microdomains serve as ‘rafts’ involved in membrane
trafficking and signaling processes while others
known as ‘caveolae’ adopt a flask-like shape and
host specific proteins [40-42]. The presence of choles-
terol-immiscible domains has been reported in hu-
man lens membranes [43] and we have recently iso-
lated them from cortical and nuclear fiber
membranes [44].

As we seek to unravel the structural roles of sphin-
golipids in human lens membranes, our first step has
been to characterize the conformational features of
DHSM by high-resolution nuclear magnetic reso-
nance (NMR) spectroscopy. We began our studies
by studying DHSM with different levels of hydration
in chloroform. The reasons for this solvent choice are
various: (a) in aqueous media, the aggregation of
lipids into liposomes leads to excessive broadening
of resonance bands and does not allow the observa-
tion of structural changes that take place with exten-
sive molecular association; (b) in light of the high
levels of cholesterol in human lens membranes and
the possible formation of sphingolipid—cholesterol
clusters, chloroform may provide a rational lens
membrane mimetic environment; (c) the conforma-
tions adopted by the interface and head group re-
gions of sphingolipids in the reverse micelles estab-
lished in chloroform may approximate those in the
highly curved membrane of caveolae; (d) by varying
the sphingolipid concentration and the sample tem-
perature, it is possible to observe the conformational
changes that take place as the head group, interfacial
and hydrophobic regions of neighboring lipids come
into close proximity and lipid-lipid interactions are
established and (e) by varying the level of hydration
of the lipid, the role of bound water molecules in the
conformational preferences of the lipids and in the
formation of lipid interactions can be inferred.
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2. Materials and methods
2.1. Sample preparation

DHSM was prepared from bovine brain SM (Sig-
ma, St. Louis, MO, USA) by catalytic hydrogenation
at room temperature as described previously [11].
The complete hydrogenation of SM to DHSM was
confirmed by 3'P NMR spectroscopy. For the com-
plete assignment of proton and '*C NMR chemical
shifts, two-dimensional (2D) 'H-!3C heteronuclear
multiple quantum coherence (HMQC) spectroscopy,
'H-'H COSY and total correlation spectroscopy
(TOCSY) [45], also known as homonuclear Hart-
mann-Hahn or HOHAHA [46], were applied to mix-
tures of DHSM in CDCl;.

To investigate the nature of intra- and intermolec-
ular interactions, spectral data were acquired over a
concentration range extending from 1 to 160 mM. In
addition, temperature-dependent studies were carried
out in DHSM samples prepared in three different
pure solvents: deuterium oxide (D,0), deuterated
benzene (CgDg) and deuterated cyclohexane
(C¢Dy3). In the preparation of all the samples, the
proper amount of DHSM, assuming a molecular
weight of 780 g/mol, was weighed and the solvent
was added. The molecular weight used was the me-
dian of the range of molecular weights provided by
Sigma for SM. To ensure homogeneity in the sam-
ples, heating to 50°C was not enough and pulsated
sonication was needed. The 5 min sonication se-
quence included 0.5 s pulses followed by a 1 min
delay and a second pulse for 15 s. During the soni-
cation, a minute amount of solvent may have evapo-
rated. Therefore, the reported concentrations are not
to be considered exact, as they may be slightly great-
er due to a small loss of solvent.

The samples prepared as indicated above were par-
tially hydrated. The amount of water present in these
samples was assessed by integration of the proton
resonance bands corresponding to bound water mol-
ecules. The integration was four to six protons, in-
dicative of the presence of two to three bound water
molecules per phospholipid. Spectral studies were
carried out to characterize the nature of lipid-water
interactions using both dehydrated and fully hy-
drated samples. Dehydrated samples were prepared
by removing bound water molecules with the appli-

cation of a vacuum level of 1072 Torr for 12 h or
longer. Based on infrared spectral studies, 12 h of
vacuum were sufficient to eliminate the OH stretch-
ing absorption band due to bound water molecules.
This broad band is centered at ca. 3400 cm™!. It is
possible, however, that trace amounts of water were
still present in these samples due to water impurities
in the chloroform solvent. However, since the proton
resonance associated with water impurities in chloro-
form exhibited a low chemical shift (6=1.52 ppm)
and differed from that of the bound water molecules
(6> 1.6 ppm), it was possible to estimate the relative
amount of bound water in the DHSM samples. For
concentrations of DHSM above 13 mM, the dehy-
drated samples had less than one water molecule per
phospholipid, as indicated by the integration of the
resonance bands. Hydration studies were carried out
by adding small aliquots (20 to 50 ul) of H,O or
D,0 to the partially hydrated DHSM. In these /y-
drated samples, the molar ratio of water to phospho-
lipid was 50:1 or greater.

2.2. One-dimensional (1D) NMR studies

NMR experiments were performed on a Bruker
AMX 500 spectrometer operating at a 500.1, 125.8
and 202.5 MHz for 'H, 3C and 3'P frequencies,
respectively. '"H NMR spectra were recorded at tem-
peratures varying from 35 to 50°C. The 3C NMR
spectra were recorded only at 50°C as most resonan-
ces were severely broadened and thus hardly detect-
able at temperatures below 35°C. 3'P NMR spectra
were obtained over a sweep width of 5 ppm using a
3 us pulse width with a delay time of 1 s and an
acquisition time of 1.5 s. All 1D spectra were pro-
cessed using Bruker WINNMR software on a per-
sonal computer.

2.3. 2D NMR experiments

The 'H-'H COSY and 'H-"*C HMQC experi-
ments were performed with an inverse probe, while
all other NMR experiments, including TOCSY were
obtained using a quad probe. The HMQC spectral
data were acquired with a phase sensitive mode using
time-proportional phase incrementation and the bi-
linear rotation decoupling (BIRD) preparation pulse
[47]. A total of 96 scans were collected per free in-
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duction decay (FID). The 'H-'H COSY spectra were
acquired using the parameters reported previously
[10]. For both the COSY and the HOHAHA experi-
ments, a total of eight scans were accumulated per
FID. The data for all 2D spectra were recorded as
256 experiments, with 512 complex points. Sweep
widths of 5 ppm for 'H and 70 ppm for 3C were
used. The spectra were apodized by a 90°-shifted
sinebell function and zero filled to 1024 in each di-
mension. The acquired data were treated on a Silicon
Graphics computer using the program FELIX.

2.4. Longitudinal relaxation times, T;, and correlation
times T,

Experiments for the determination of proton 7}
values were performed on DHSM samples prepared
in CDCIl; at various concentrations and in D,O us-
ing the Bruker 500 MHz NMR spectrometer. Sixteen
scans were collected for each FID and variable de-
lays of 32, 0.01, 0.02, 0.04, 0.08, 0.16, 0.32 and 0.64 s
were used in the pulse sequence. 77 values were de-
termined from 37 to 50°C with the Bruker software.
In a similar fashion, proton 7; values were measured
using the INOVA 300 MHz Varian spectrometer.
The correlation times 7. were estimated by approx-
imating the rate of relaxation to the sum of the rates
W1+ W,, corresponding to the transitions with a
change in the magnetic quantum number AM =1
for W, and AM=2 for W,. These relaxation rates
are related to 7. and the applied frequency
(w=2nv; v=frequency of NMR spectrometer) as
follows [48]: W =1/(1+&?7}) and W,=41/
(1+4’2). By measuring the 7 values at two differ-
ent frequencies, 300 and 500 MHz in this case, 7.
values can be estimated [48].

3. Results

The labeling of each resonance corresponds to the
atom numbering scheme used in Fig. 1. This nomen-
clature is a slight modification of that devised for
ceramides by Pascher [21] and it simplifies the more
complex scheme of Sundaralingam [49]. In addition,
the proposed labeling retains the numbering scheme
used for the sphingoid bases and follows the se-
quence of biochemical formation of sphingophos-
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Fig. 1. Components, regions and atom numbering of DHSM.

pholipids [31]. The carbons of the sphingoid base
carry the numbers 1, 2, 3, etc., beginning with the
carbon closest to the phosphate group. The fatty acid
branch, which in the de novo synthesis is added to
the sphinganine before the head group, is labeled
with singly primed numbers beginning with the car-
bon involved in the peptide bond. Finally, the cho-
line moiety, which represents the last step in the de
novo synthesis of SM [31], is labeled with doubly
primed numbers beginning with the carbon closest
to the phosphate group. Each atom associated with
a carbon retains the number of the carbon, and in
cases where there are two identical, but either chemi-
cally or magnetically nonequivalent atoms, they are
differentiated by adding the letter A or B.

3.1. '"H NMR spectral assignments

The assignments of DHSM proton resonances
listed in Table 1 confirm our previous reports on
DHSM isolated from human lens membranes
[10,11] and present more specific ones for other pro-



S.R. Ferguson-Yankey et al. | Biochimica et Biophysica Acta 1467 (2000) 307-325 311

Table 1

Spectral assignment of 'H NMR resonances observed for 80 mM DHSM in CDCl; at 50°C

Chemical shift (ppm) Assignment Observed shape multiplicity
0.87 CH; (terminal methyl) (hydrophobic chains) triplet
1.25 CH; (methylene) (hydrophobic chains) broad
1.33, 1.49 H4 unresolved
1.59 H'3 unresolved
2.16 H'2 broad decaplet
3.25 N*(CHjs); singlet
3.51 H3 triplet (J~7.5 Hz)
3.69 H"2 singlet
3.88 H2 unresolved
3.96 HI1B unresolved
4.03 HI1A unresolved
4.25 H"1A unresolved
H"1B
5.28 OH very broad
7.09 NH broad doublet (/=7.8 Hz)

tons. The resonance at 1.59 ppm had been assigned
to the H'3 protons of the acyl chain [10]. This assign-
ment was confirmed by the correlation observed in
the COSY spectrum. In addition, a second correla-
tion was observed in this spectral region at 50°C: just
upfield from the H'3 resonance at 1.59 ppm, two
bands at 1.33 and 1.49 ppm were found to correlate
to the H3 resonance which, in turn, exhibited a cor-
relation to the H2 resonance at 3.88 ppm. Conse-
quently, the peaks at 1.33 and 1.49 ppm were as-
signed to the two H4 protons of sphinganine. In
the 1D proton spectrum, the peaks associated with
protons H'3 and H4 were not completely resolved
but their integration was about 4. The 'H-!3C
HMQC spectrum further confirmed these assign-
ments as the two separate H4 proton bands were
correlated to one single carbon resonance at 34.0
ppm corresponding to the C4 carbon of sphinganine.

As discussed in [10,11], the major differences in the
proton resonances for DHSM and SM, with the crit-
ical double bond between carbons 4 and 5, are the
absence of the vinylic proton resonances, seen at 5.45
and 5.7 ppm for H4 and HS5 of SM, respectively, and
the difference in chemical shift for H3. In SM, this
proton exhibits a resonance at about 4.1 ppm, where-
as in DHSM, this resonance is observed between 3.5
and 3.6 ppm, depending on the temperature and con-
centration of the sample. The upfield shift of this
resonance in DHSM as compared to SM is to be

expected, as the absence of the unsaturation site be-
tween carbons 4 and 5 results in greater shielding of
proton H3 in DHSM.

3.2. BC spectral assignments

As the *C spectrum of DHSM had not been pre-
viously investigated, the assignments of 13C resonan-
ces were sought. Since the 3C NMR spectra at tem-
peratures below 35°C were of poor S/N, the
assignments listed in Table 2 correspond to the car-
bon resonances observed at 50°C. These assignments
were obtained by analyzing the correlations observed
in the '"H-'3C HMQC spectrum and by comparison
with assignments reported for similar lipids [50-53].
Once all of the proton resonances were clearly as-
signed, the '"H-'3C correlations in the HMQC spec-
trum led to the assignment of the carbon peaks in a
fairly straightforward fashion. With the exception of
the resonances for the acyl chain carbons, only two
resonances at 54.4 ppm were not completely resolved
in the 1D 3C spectrum. Their assignments were
based on the correlations observed in the 'H-'3C
HMQC spectrum in which two cross peaks were
seen for the 54.4 ppm resonance. One of them corre-
lated with the 'H resonance peak at 3.25 ppm as-
signed to the nine protons in three methyl groups
of the choline group. The second correlation linked
with the 'H resonance at 3.88 ppm, which corre-
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Table 2

Spectral assignment of 3C NMR resonances observed for 80 mM DHSM in CDCl; at 50°C

Chemical shift Assignment Reported value for
(ppm) sphinganine [50,51]
13.9 CHj; (terminal methyl) [C18 of sphinganine chain and C’n of acyl chain?] 14.0 [50]
22.6 Cl17 22.5 [50]
C'(n—1)
26.0 Cs 23-24 [50]
26.1 C’3
29.6 CH; (intermediate methylenes hydrophobic chains) 28.8-29.7 [40]
31.8 Cl16 31.9 [50]
C'(n—2)
34.0 C4
36.8 C’2
54.4 C2 50-51 [50]
N*+(CH3)s 54.5 [51]
59.3 (o 59.9 [51]
65.2 Cl 63 [50]
66.4 (o) 66.5 [51]
70.7 C3 69.4 [50]
173.4 O=C-NH

2The acyl chain composition of the DHSM sample is not homogeneous. The main components correspond to saturated Cig.o (34%)
and Ca4 (33%) acyl chains. No double bonds are present as they have been saturated during the hydrogenation reaction used to ob-

tain DHSM from SM.

sponds to H2. Therefore, these overlapped resonan-
ces at 54.4 ppm correspond to the carbons of the
three methyl groups of the choline head group and
to C2, the second carbon of sphinganine. The reso-
nance at 70.7 ppm was assigned to C3. As expected,
this chemical shift differs from that for the C3 reso-
nance in SM reported as 73.4 ppm [50], because of
the absence of the double bond between C4 and C5
in DHSM. The resonances at 31.8 and 22.6 ppm
were assigned to C16 and C17 of the sphingoid
base, respectively. These assignments were based on
previously published reports [5S0-53] in which the
well established o, B and v effects on *C chemical
shifts were taken into consideration [51].

3.3. Concentration- and temperature-dependent
conformational studies

This section describes the trends observed for 'H
and 3'P NMR spectral features as the temperature
and concentration of partially hydrated (between two
and three bound water molecules per phospholipid)
and dehydrated (less than one bound water molecule
per phospholipid) DHSM samples prepared in
CDCl; were varied. For samples with concentrations

higher than 13 mM and at temperatures below 35°C,
most resonances became severely broadened due to
the gelation of the lipid matrix. All concentration-
dependent graphs are plotted as a function of
DHSM concentration. A logarithmic scale was used
for the concentration to emphasize the changes that
take place at the lower concentrations, where the
samples begin the formation of reverse micelles, as
discussed in the next section. The error bars repre-
sent the S.D.s of three independent runs. In general,
all proton resonances exhibited relative S.D. of 0.6%
or less, except for the NH resonance, for which the
maximal %R.S.D. was 1.0% for the partially hy-
drated samples (0.5% for dehydrated samples) over
the temperatures and concentrations measured. The
smooth curves are plotted to aid the visualization of
the trends.

3.3.1. Head group region

Fig. 2 illustrates some of the major concentration-
dependent trends observed in resonances correspond-
ing to the interface and head group regions of par-
tially hydrated DHSM samples in CDCl; at 50°C.
The general trend exhibited by the head group reso-
nances labeled H”"1A and B, H”2 and choline methyl
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Fig. 2. Changes in 'H NMR spectral resonances corresponding
to the head group and interface regions of partially hydrated
DHSM as a function of concentration in CDCIl; at 50°C.
(a) 8.4 mM; (b) 17 mM; (c) 24 mM and (d) 80 mM.

protons (not shown) was an upfield shift as the con-
centration was increased from 8.4 (a) to 80 mM (d).
The changes in the resonances for H'1A and B were
among the most pronounced and are graphed in Fig.
3 over the entire concentration range investigated for
both the partially hydrated (solid symbols, solid
lines) and dehydrated (open symbols, dotted lines)
samples at 50°C.

The concentration-dependent changes observed for

4.6

-

g

& 4.5 -

=

=

» 44

©

LN Y

3 I S\ W S .« H"1A

s |\ TRl « H"1B
4-2 L L1 a1l 1 101l L 1 a1l 1 i1 111

0.1 1 10 100 1000

DHSM concentration (mM)

Fig. 3. Concentration dependence of the resonances correspond-
ing to protons H"1A and B of the choline moiety at 50°C. Sol-
id symbols and solid lines correspond to partially hydrated
samples in CDCl;. Open symbols and dotted lines correspond
to dehydrated samples in CDCl;. The error bars represent the
S.D. of the chemical shifts obtained for three independent runs.
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Fig. 4. Concentration dependence of the 3'P resonance corre-
sponding to the phosphate head group at 50°C. Solid symbols
and solid lines correspond to partially hydrated samples in
CDCl;. Open symbols and dotted lines correspond to dehy-
drated samples in CDCls. The error bars represent the S.D. of
the chemical shifts obtained for three independent runs.

the 3'P resonance are shown in Fig. 4 for the parti-
ally hydrated (solid symbols, solid lines) and dehy-
drated samples (open symbols, dotted lines) samples
at 50°C. The maximal S.D. in these measurements at
50°C was 0.10 ppm. All chemical shifts are refer-
enced to 85% H3PO;,.

The temperature-dependent trends seen in the head
group proton resonances H"1A and B, H"2 and
N (CHj3); were similar above 37°C. As the temper-
ature was increased from 37 to 50°C, all these reso-
nances exhibited a small increase (0.022 £0.004 ppm)
in their chemical shift, indicative of a slight deshield-
ing of the protons in the choline moiety. This trend
with increasing temperature is similar in nature, but
relatively smaller in magnitude, to that observed
when diluting the sample. Below 35°C, the resonan-
ces were too broad (not shown) and their integration
was no longer quantitative, suggesting a decrease in
the transverse relaxation time 7> when the temper-
ature was lowered and the molecules interacted with
each other more strongly, as would be the case in a
gel state.

3.3.2. Interfacial region

Significant changes were observed with concentra-
tion and temperature in most of the resonances asso-
ciated with the backbone or interfacial region of
DHSM. Beginning with the resonances for the gemi-
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Fig. 5. Concentration dependence of the resonances correspond-
ing to protons H1A and B, H2 and H3 of the interface region
at 50°C. Solid symbols and solid lines correspond to partially
hydrated samples in CDCl;. Open symbols and dotted lines
correspond to dehydrated samples in CDCl;. The error bars
represent the S.D. of the chemical shifts obtained for three in-
dependent runs.

nal, chemically nonequivalent protons HIA and B,
Fig. 5 illustrates the interesting concentration depen-
dence of their chemical shifts for partially hydrated
(solid symbols, solid lines) and dehydrated (open
symbols, dotted lines) samples. The H3 resonance
in the partially hydrated samples followed the same
concentration-dependent trend seen for the HI1A res-
onance, although the magnitude was smaller.
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Fig. 6. Concentration dependence of the resonance correspond-
ing to NH proton of the interface. Three temperatures are plot-
ted for both partially hydrated (solid symbols and solid lines)
and dehydrated (open symbols and dotted lines) samples in
CDCl;.
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Fig. 7. Temperature dependence of the resonance corresponding
to OH proton of the interfacial region of partially hydrated
samples in CDCl;. This broad resonance could hardly be de-
tected at concentrations lower than 30 mM.

The concentration and temperature dependences
of the NH and OH resonances are shown in Figs.
6 and 7, respectively. As seen in Fig. 6, for concen-
trations above 10 mM, the NH resonance of the
partially hydrated samples shifted downfield as the
concentration was increased up to about 80 mM.
Beyond this concentration, no significant changes
were observed. Quite a different trend was observed
with the removal of water: at the lowest concentra-
tions, the chemical shift of the NH resonance was
7.14%£0.08 ppm. A significant lowering in chemical
shift occurred around 2-3 mM and then relatively
small changes were seen for the higher concentra-
tions. The rates of change in chemical shift ¢ with
temperature T (AJAT) were similar for the partially
hydrated samples with concentrations above 13 mM.
The average value for AJAT for the 17, 34, 80 and
160 mM samples was —(8.9%£0.7)x 1073 ppm/°C.
This rate decreased to —(6.4+0.2)X 1073 ppm/°C
for the 1.9 and 1 mM samples.

3.3.3. Bound water resonance

The resonance observed for the water protons in
the partially hydrated samples at the higher concen-
trations was fairly broad, particularly as the temper-
ature was decreased and the concentration increased.
The integration of this resonance varied between
four and six protons. The concentration dependence
of the chemical shift is shown in Fig. 8 at three
temperatures, 40, 45 and 50°C. The solid curve rep-
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Fig. 8. Concentration dependence of the resonance correspond-
ing to H,O protons of the water molecules bound to DHSM.
The CMC of DHSM in CDCIl; was estimated to be 13 mM
from the intercept of the two straight lines (a) and (b).

resents the trend followed at 50°C. The relationship
between changes in the chemical shift of water and
the molar concentration of the lipid has been used by
other researchers to estimate the critical micelle con-
centration (CMC) [52,53]. As shown in Fig. 8, three
straight lines can be discerned in the relationship
between 6 HO and the logarithm of the molar con-
centration of DHSM. Lines (a) and (b) intercept at
(13£2) mM, whereas lines (b) and (c) intercept at
(30£3) mM. The slopes of the lines (b) and (c) cor-
respond to the change of chemical shift (in ppm) per
unit change in the logarithm of the concentration of
DHSM (in mM) and were evaluated to be 5.02 £0.07
and 1.26 £0.11, respectively.

3.3.4. Hydrophobic chain region

As shown in Fig. 9, a significant increase in line-
width was observed for the CH, resonances of the
hydrocarbon chains as the temperature was lowered
and the the hydrophobic chains of neighboring mi-
celles became entangled. A definite change could also
be observed visually, as the thick gel formed below
the transition temperature changed into a more clear
and fluid solution at higher temperatures. The tem-
perature at which this significant increase in line-
width occurred was concentration-dependent and
changed from 35°C at 80 mM to 37°C at 160 mM.
For concentrations below 13 mM, no significant
change could be observed, suggesting that most of
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Fig. 9. Temperature dependence of the linewidth at half height
of the CH, resonance of the hydrophobic chains at different
concentrations of partially hydrated DHSM in CDCl;.

the molecules were in either small aggregates and/
or monomeric arrangements. At the higher concen-
trations, the magnitude of the increase in linewidth
increased, indicative of a greater reduction in 75.
An interesting resonance that reveals the effect of
aggregation on the acyl chain is that corresponding
to H'2 protons, shown in Fig. 10 for three concen-

80 mM

8.4 mM

1.9 mM

2.22 217 212 2,07

chemical shift (ppm)

Fig. 10. Changes in the contour of the resonances for the H'2
protons with concentration at 50°C. At the higher concentra-
tion (80 mM in CDCl;), the protons become more distinct as
the packing is tighter. This profile may reflect the overlap of
two sextets, each of which results from the splitting of the H'2
protons with each other and the H’3 protons. At the lowest
concentration (1.9 mM in CDClj), a sextet is seen. At an inter-
mediate concentration (8.4 mM in CDCls) the splitting pattern
is less defined.
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trations. At the intermediate concentration of 8.4
mM, this resonance exhibited a triplet-splitting pat-
tern consistent with the splitting by equivalent H'3
neighboring protons. At the lowest concentrations,
the profile resembled a sextet or octet. At the higher
concentrations, the splitting pattern changed to an
apparent decaplet. It is proposed that a conforma-
tional transition occurs in going from the monomeric
to the aggregated form in which the two protons
H’'2A and B are affected by different levels of restric-
tion into nonequivalent environments. The observed
pattern at the higher concentrations could result
from the partial overlap of two sextets (or higher
multiplicity) corresponding to the splitting of each
of the H'2 protons by each other and the H'3 pro-
tons.

3.4. Effect of hydration
The impact of hydration is seen in Fig. 11a,b for

two concentrations at 50°C. The comparison of the
top traces (Fig. 11a) obtained for the 8.4 mM sample

of DHSM partially hydrated with two to three water
molecules per phospholipid (solid line) and hydrated
samples with at least 50 water molecules per phos-
pholipid (dotted line) indicate several significant
changes in the conformation of the head group and
interface region: the resonances associated with the
choline, H"1A and B, H2", and choline methyl pro-
tons (not shown) shifted upfield when water was
added. In particular, H'1A and B resonances, which
appeared as two partially overlapped bands in the
partially hydrated sample in CDClIj, coalesced into
one.

An upfield shift of the 3'P resonance was observed
upon hydration (not shown). Indeed, upon hydration
of all samples with concentrations above 3 mM, the
3P chemical shift moved upfield to —0.06+0.02
ppm. The hydration of the lowest concentrations,
below 3 mM, resulted in an even greater upfield shift,
moving the 3!'P resonance to —0.28 £ 0.04 ppm.

The differences in the lower traces obtained before
and after the addition of excess water to the 80 mM
sample were less pronounced than those seen for the

(a)

H”2 H"2

4.4 4.2 4.0

3.8 3.6 3.4

chemical shift (ppm)

Fig. 11. Effect of hydration on the 'H NMR spectral region corresponding to most of the head group and interface protons for two
concentrations at 50°C: (a) 8.4 mM in CDCl; and (b) 80 mM. Solid lines represent the partially hydrated samples in CDCl;. Gray

lines show the spectral traces obtained after addition of excess water.
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8.4 mM sample. Overall, the choline proton resonan-
ces did shift upfield but less than 0.1 ppm. For both
concentrations, the choline proton resonances
reached the same chemical shifts upon hydration.
The HIA and B resonances were already fairly close
in the partially hydrated sample. Their difference was
(0.08£0.01) ppm and, unfortunately, the final
changes upon hydration could not be seen as these
bands overlapped with the HDO resonance. At 35°C,
however, the HDO band did not overlap the H1A
and B resonances, which appeared within 0.03 ppm
of each other. As in the lower concentration sample,
the NH resonance shifted to 7.4+ 0.1 ppm upon ad-
dition of water.

4. Discussion

The complex behavior observed in the self assem-
bly of different phospholipids is the theme of inten-
sive research and interest [54]. Sphingolipids, because
of their approximately cylindrical shape and amphi-
pathicity, exhibit a great tendency to form bilayer
structures in aqueous media [1,2]. Recent reports
[40-44], however, demonstrate the segregation of
sphingolipids and cholesterol in the form of buoyant
clusters (rafts) and caveolae and thus suggest that
conventional bilayers are not the exclusive arrange-
ment adopted by sphingolipids in membranes. One
of the aims of this work was to characterize the
conformational features of DHSM at different levels
of aggregation and to establish the nature of lipid—
lipid and lipid—water interactions. Although solid
state NMR spectroscopy can been applied to the
study of aggregated sphingolipids [27], high resolu-
tion NMR spectroscopy of phospholipids in aqueous
media is limited as the lipids associate readily into
liposomes. This results in the severe broadening of
most of the resonance peaks due to both the decrease
in the transverse-relaxation time 7> and the increase
in anisotropy [48]. As a consequence, it is not possi-
ble to assess either the changes that occur as the
liposomes are formed or the final conformations
adopted by the lipids in the hydrated vesicle. The
lower polarity of chloroform, on the other hand,
allows the monitoring of spectral changes that take
place as the lipids go from a monomeric form, at
very low concentrations, to an aggregated state at

higher concentrations. At these higher concentrations
reverse micelles are formed due to the interaction of
the interface and head group regions of neighboring
molecules. Although some broadening occurs, it is
still possible to detect changes in spectral features.
Excessive broadening only takes place when the mi-
celles come into close proximity and enhanced van
der Waals interactions cause the gelation of the sam-
ple.

This discussion deals with the average conforma-
tional preferences exhibited by DHSM over a wide
range of concentrations in CDCl; and in different
levels of hydration. Although it may be argued that
the analysis of partially hydrated and dehydrated
samples is of limited biological relevance, the infor-
mation gained from these studies allows us to char-
acterize the way in which strongly bound water mol-
ecules interact with the lipids and participate in the
establishment of intricate H-bonding networks. The
impact of these water molecules on the conforma-
tional arrangement of the lipids is of paramount rele-
vance since water does not serve as a simple inert
spectator, but is an essential component of biomem-
branes.

4.1. T; relaxation times and correlation times

To better understand the dynamics of the DHSM
assemblies formed in chloroform, spin-lattice or lon-
gitudinal relaxation times 77 were measured at two
magnetic fields, 300 and 500 MHz, and at 50, 40 and
35°C for a 17 mM sample of partially hydrated
DHSM in chloroform. At this concentration, as dis-
cussed later in this section, DHSM begins to form
micelles. Furthermore, at this and higher concentra-
tions, lowering the temperature below 35°C leads to
the hydrophobic entanglement of neighboring mi-
celles and thus to the gelation of the sample. This
transition from a fluid to a gel state has been re-
ported when minute amounts of water are added to
phosphatidylcholine (PC) dissolved in highly non-po-
lar solvents, such as isooctane and cyclohexane
[55,56]. Interestingly, these organogels are not
formed by PC in chloroform [57-63]. The values of
T1 measured at 300 MHz (not listed) were consis-
tently lower than those at 500 MHz (listed in Table
3). From the values of 7 at both fields, we were able
to estimate the correlation time, 7., for the different
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protons. The average values of 7. were found to be
between 0.55Xx107!° (methylene protons) and
2.5x1071% s (NH, H1A and B and H2) at 50°C.
The average of all the 7. values measured at 50°C
for the proton resonances was (1.5+0.6)x 10710 .
At 40°C, the measured values of 7. for most protons
were within one S.D. of the values at 50°C, except
for the methylene protons, for which the correlation
time doubled. The overall average at 40°C was
(1.7£0.9)x1071% s. At 35°C, most bands were
broadened significantly and the correlation times
could not be determined accurately. However, from
the decrease in 7 as the temperature decreased and
the proximity of 7. to 1/ay=1/2n500 MHz=
3.2%x 10710 5 at the measured conditions, it is reason-
able to expect that as the sample gels, due to either a
decrease in temperature or an increase in the lipid
concentration, the increase in viscosity 7 leads to
an increase in 7. (.«4nn) [64]. The sample would
then approach the condition at which 7. = 1/ay. Be-
yond this point, 77 is expected to increase and 75 to
decrease [48,64]. Under these conditions, the overall
micelle reorientation may become the main mecha-
nism by which the spin—spin relaxation is controlled.
The reduction in 7, leads to significant band broad-
ening. Indeed, a significant increase of the linewidth
in the CH, resonance was observed as the temper-
ature of the sample decreased, particularly at the
higher concentrations (Fig. 9). The temperature at
which the CH, resonance linewidth increased dra-
matically and the sample became a gel will be de-
noted 7, and was estimated to be 37°C for the
most concentrated (160 mM) sample in CDCl; (see
Fig. 9). This temperature was even higher for the
DHSM samples prepared in pure d-benzene (7, =
47%2°C) and in pure d-cyclohexane (7, =57 £2°C).
These observations suggest that the micellar arrange-
ment of DHSM in chloroform is more relaxed than

that formed in the more nonpolar solvents. The ac-
tual shape of these DHSM micelles formed in chloro-
form is not known at this time, but the comparison
of the trends presented herein with those reported for
organogels of PC in cyclohexane and benzene [56]
suggests a rod-like cylindrical shape for the reverse
micelles formed in chloroform and a spherical,
tighter geometry for those formed in the more non-
polar solvents, benzene and cyclohexane.

The presence of reverse micelles for temperatures
above T, is supported by the 77 values measured in
CDCl; and listed in Table 3. With the exception of
the most concentrated sample at 37°C, the 7 values
for the protons in the terminal methyl and methylene
groups of the hydrophobic chains were always sig-
nificantly higher than the choline methyl protons of
the head group. This trend is comparable to that
reported for dipalmitoyl phosphatidylcholine
(DPPC) in CDCIl; and attributed by Lee et al. [57]
to the formation of reverse micelles in which the
choline methyl groups pack in the center of the mi-
celle and the hydrophobic chains are relatively free.
It is interesting to note that for the highly concen-
trated (160 mM) DHSM sample near the gel to fluid
transition temperature of 37°C, the 7; values for the
methylene and terminal-methyl protons were of sim-
ilar magnitude and significantly smaller than those
measured at the lower concentrations for all temper-
atures (see Table 3). The overall trend suggests that
at the higher concentrations of DHSM in CDCls, the
reverse micelles come into close proximity and, due
to the motional restriction caused by the entangle-
ment of their hydrophobic chains, the 7 values for
the CH, and CHj; resonances are reduced.

In pure D,O, DHSM forms multilamellar lipo-
somes or vesicles. The values of 7T for the choline-
methyl, methylene and terminal-methyl protons
could not be measured below 50°C due to excessive

Table 3
T, values measured at 500 MHz for DHSM at various concentrations and temperatures (average £ S.D. of two independent determi-
nations)
CDCl3, 17 mM, CDCl;, 17 mM, CDCl;, 17 mM, CDCls, 160 mM, D,O, 34 mM,
50°C 40°C 35°C 37°C 50°C
Choline CH3 (head group) 0.34£0.01 s 0.31£0.01 s 0.32+£0.02 s 0.51£0.08 s 0.48+0.01 s
CH; (hydrophobic chains) 1.2£0.2 s 1.13+0.07 s 0.98%£0.02 s 0.62+0.09 s 0.85+£0.01 s
Terminal CHj; (hydrophobic chains) 41£08s 32+0.6 s 1.35£0.11 s 0.68 £0.06 s 0.83+£0.21 s
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broadening of the resonance bands. At 50°C, how-
ever, the 77 values for methylene and terminal meth-
yl protons in the choline and hydrophobic chains
were of similar magnitude (Table 3). This trend com-
pares well with that reported for PC in aqueous so-
lution [57], in which multilayer vesicles or liposomes
are formed. In addition, the comparable magnitude
of the T values measured for DHSM in the gel
phase in CDCl; and in multilayer vesicles in D,O,
suggests that the dynamics of the gel state at high
DHSM concentrations approximate those of a multi-
layer arrangement. This could result from the flat-
tening and stacking of neighboring micelles as the
hydrophobic tails begin to interdigitate and van der
Waals interactions are maximized.

4.2. Monomer to reverse micelle transition

The CMC of partially hydrated DHSM was esti-
mated to be 13 mM at 50°C from the dependence of
the water resonance with concentration (see Fig. 8)
and the changes in the chemical shifts of resonances
associated with protons in the head group (Figs. 3
and 4) and the interface region (Figs. 5 and 6). In
addition, the significant changes observed, particu-
larly in the NH and 3'P resonances at concentrations
below 3 mM, suggest that the average conformation-
al arrangement of the interface and head group re-
gions of DHSM differs at high levels of dilution. It is
therefore proposed that DHSM exists as a monomer
at concentrations below 3 mM. Between 3 and 13
mM, small aggregates may coexist with monomers.
At concentrations above 13 mM, the strength of lip-
id-lipid and lipid—-water interactions increases as the
lipid molecules come closer to each other to form
reverse micelles. From the concentration dependence
of the NH resonance in the partially hydrated sam-
ples (Fig. 6), it appears that the interfacial regions of
neighboring molecules have reached their maximal
interaction around 80 mM for no further changes
were seen in any of the interface resonances beyond
this concentration.

The spectral features indicate that conformational
changes do take place as the lipid molecules go from
a solvated monomeric arrangement to an aggregated
assembly held by lipid-lipid and lipid-water interac-
tions. The discussion below addresses the nature of
these average arrangements.

4.3. Conformational preferences of DHSM

The conformational arrangements discussed herein
result from the concerted analysis of the trends pre-
sented in Section 3. It is important to note that due
to the relatively long time scale (107* to 10! s) of
the NMR experiment and the flexibility of these lip-
ids, several conformers may be present at any one
time. Therefore, the spectral features are representa-
tive of average conformational preferences. The dis-
cussion below leads to the postulation of several con-
formational arrangements of the head group and
interfacial region of DHSM. The predominance of
each conformer is affected by the state of aggregation
and degree of hydration, as suggested below.

4.3.1. Partially hydrated DHSM, aggregated state
For concentrations above 13 mM, the NH reso-
nance of the partially hydrated samples moved
downfield, indicating of a deshielding of the NH pro-
ton as the concentration increased (Fig. 6). The rel-
atively high values of AJAT, the deshielding of the
NH proton at higher concentrations and the marked
lowering of the NH chemical shift upon removal of
water (Fig. 6) suggest that, at the higher concentra-
tions of partially hydrated DHSM, the average
amide proton is mostly involved in intermolecular
H-bonds with bridging water molecules. These H-
bonds to water result in the greater deshielding of
the NH proton and the strength of these bonds in-
creases as lipids come into closer proximity. Because
the amide proton is more involved in inter- rather
than intramolecular H-bonds as the concentration
is increased, the difference between the HIA and
HIB resonances is reduced at the higher concentra-
tions (Fig. 5). At concentrations below the CMC of
partially hydrated DHSM, the two resonances dif-
fered by about 0.37+£0.01 ppm; this difference de-
creased with increasing concentrations up to ca. 80
mM. Beyond this concentration, the resonances
maintained their difference of about 0.1 ppm. Con-
trasting these trends, the HIA and B resonances for
the dehydrated samples above 13 mM differed by
0.35+0.10 ppm and maintained this separation
even at the higher concentrations. These trends in
the interface proton resonances suggest that the in-
ternal restrictions that affect the partially hydrated
samples at the lower concentrations and that place
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HIA and B into fairly dissimilar magnetic environ-
ments are partially removed at higher concentrations.
In comparable studies with PC carried out by others
[57-63] and confirmed in our laboratory, the reso-
nances for the corresponding geminal protons HIA
and H1B on the glycerol backbone either overlapped
(PC in CDCl;) or differed by 0.01 ppm (PC in D,O
and PC in CD;OD). The most obvious difference
between DHSM and PC is the presence of H-bond
donor sites (NH and OH) in the interfacial region of
the sphingolipid. It is then proposed that as the con-
centration is increased and the interfaces of neigh-
boring molecules approach each other, some of the
intramolecular bonds involving the NH moiety are
broken to form new intermolecular interactions.
Above the CMC, the 3'P chemical shift of the
phosphate head group of partially hydrated DHSM
exhibited an upfield shift (Fig. 4). This decrease in
chemical shift can be related to a change from a
trans—gauche, gauche—trans or trans—trans arrange-
ment of the C1-O1-P-O"1 and O1-P-O"1-C"1 diester
torsional angles (see Scheme 1) at the lower concen-
trations, in which the phosphate group is restricted
by intramolecular H-bonds, to a more energetically
favored gauche—gauche arrangement [65,66], in which
the internal restrictions have been partially removed.
Following this trend, the resonances corresponding
to H'1A and B, which were distinct for the partially
hydrated samples below 13 mM, coalesced into a
single band. This suggests that as the DHSM mole-
cules begin to interact and assemble into reverse mi-
celles, the intramolecular restrictions that renders
H"1A and B into dissimilar magnetic environments
and the phosphate diester angles into a more trans—
gauche or gauche—trans arrangement are disrupted.
The predominant arrangement proposed for
DHSM in the aggregated state in the presence of
bound water molecules is illustrated in Scheme 1.
In this scheme, the amide proton is mainly involved
in intermolecular H-bonds with water molecules that
may act as bridges between the interfacial regions of
neighboring DHSM molecules. It is also possible
that at high concentrations, the OH group may
mainly bond to neighboring lipids directly or
through water bridges. The OH resonance, when de-
tectable, was extremely broad in both partially hy-
drated or dehydrated samples. This could be due to a
rapid exchange of this proton, which would indicate
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Scheme 1.

that this OH proton is fairly labile or involved in
weak H-bonds. It is also possible that the OH group
may act as an acceptor of H-bonds.

The OH resonance was detectable at the higher
concentrations, 34 mM and above, but it was still
very broad (between 100 and 150 Hz halfwidth).
Although the precise determination of the chemical
shift was difficult, an upfield shift was seen in going
from 34 to 160 mM, as shown in Fig. 7. This sug-
gests the shielding of the OH proton at the higher
concentrations could be indicative of a weakening of
an intramolecular H-bond when lipid-lipid or lipid—
water interactions become prevalent. The AJAT was
measured as —(0.012+0.002) ppm/°C at these con-
centrations. This relatively high value points to the
participation of this group in intermolecular H-
bonds, possibly with water molecules. Interestingly,
the role of this OH moiety is better defined in SM, in
which the OH group is believed to be involved in a
stronger intramolecular interactions, as discussed in
[67].

The complex splitting pattern observed for the H'2
resonances at 80 mM (see Fig. 10) indicates the non-
equivalence of the geminal protons H'2A and B in
the aggregated state of DHSM. This could be due to
the steric restrictions caused by the formation of H-
bonds that bring the interfacial regions of neighbor-
ing molecules into close proximity.
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4.3.2. Partially hydrated DHSM, nearly-monomeric
and monomeric forms

The changes in the NH resonance at the lower
concentrations suggest that rather than an intermo-
lecular H-bond with water molecules, the NH moiety
participates in an intramolecular H-bond. This pos-
sibility is supported by the difference in the temper-
ature dependence of the NH chemical shift at these
low concentrations. At the lowest concentrations,
both a reversal in the concentration dependence of
the chemical shift and a reduction to —0.006 ppm/°C
in the rate of change ASAT between 37 and 50°C
were observed (see Fig. 6). In addition, no significant
difference was seen in the NH chemical shift for the
two lowest concentrations investigated (1 and 2 mM,
Fig. 6). Both the reduction in A§JAT and the lack of
change in 6 with concentration suggest the participa-
tion of the NH moieties in intramolecular H-bonds
[68]. As this bond is formed, the position of HIA
and B into magnetically nonequivalent environments
would lead to the observed significant difference in
their chemical shifts (Fig. 5). The conformers that
could lead to the trends observed below 13 mM are
represented in Scheme 2a-c. In these schemes, the
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NH acts as a donor in the formation of intramolec-
ular H-bonds that connect to the ester oxygen O”1
(Scheme 2a), or O1 (Scheme 2b), or an anionic phos-
phate oxygen (Scheme 2¢) while the OH group inter-
acts with an anionic phosphate oxygen (Scheme 2a,b)
or the ester oxygen Ol (Scheme 2c¢).

The plausibility of these proposed schemes is vali-
dated by the results of molecular modeling studies
carried out by molecular mechanics in our laboratory
[69]. Although the molecule investigated in [69] had
an abbreviated phosphodiester headgroup (methyl
phosphoryl dihydroceramide), the conformational
preferences of the interface region are in excellent
agreement with the arrangements proposed in
schemes above. The presence of intramolecular H-
bonds in the proposed schemes affects the two diester
torsional angles C1-O1-P-O"1 and O1-P-O"1-C"1 of
the head group and is expected to favor a trans—
gauche or gauche—trans arrangements for which the
3P chemical shift is expected to be downfield (more
positive chemical shift) as compared to a more ener-
getically favored gauche—gauche configuration in the
absence of intramolecular H-bonds [65]. This de-
shielding effect of the phosphorus nucleus is seen

Scheme 2.
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clearly as the concentration is lowered and the CMC
is reached (see Fig. 4).

The complexity of the splitting pattern decreased
for the H'2 resonances as the concentration was de-
creased from 80 to 8.4 mM (Fig. 10). This is attrib-
uted to the rupture of lipid-lipid interactions that
restrict the motion of protons H'2A and B. At the
lowest concentrations (below 3 mM), however, the
splitting pattern became more complex. In addition,
a slight downfield shift of the NH resonance accom-
panied by an upfield shift in the 3'P resonance were
observed. These trends suggest the contribution, al-
beit minor, of a different monomeric arrangement in
which the NH group may no longer restrict the ori-
entation of the head group. This arrangement ap-
pears to prevail in the monomeric form of the dehy-
drated samples and is discussed in detail later in this
section.

4.3.3. Dehydrated DHSM, aggregated form

The differences caused by removal of water on the
arrangement of the interface and head group regions
are demonstrated in Figs. 3-6. Although the confor-
mational preferences of dehydrated phospholipids
may be irrelevant to the organization of DHSM in
biomembranes, their characterization helps in our
assessment of the tremendous impact of water in
the conformational features of DHSM. For concen-
trations above 13 mM, relatively little change was
seen for the NH resonance of the dehydrated sam-
ples. In addition, the values of ANAT were quite
small, —(0.0036 £0.0004) ppm/°C. These trends, the
maintained difference in chemical shifts for the HI1A
and B (open symbols in Fig. 5) as well as H'1A and
B resonances (open symbols in Fig. 3), the downfield
chemical shift for the 3!'P resonance and its lack of
change above 13 mM (open symbols in Fig. 4) indi-
cate that the same arrangements discussed for the
nearly monomeric, partially hydrated samples pre-
vails in the dehydrated samples at higher concentra-
tions. In these arrangements, illustrated in Scheme
2a—c, the NH group is involved in intramolecular
H-bonds in which ester and/or an anionic phosphate
oxygens may act as acceptors. These observations
suggest that in the absence of water, the NH of the
amide group cannot be dislodged from its intramo-
lecular bond to the phosphate head group.

4.3.4. Dehydrated DHSM, monomeric form

At the lowest concentrations of the dehydrated
samples, the NH appears to be involved in a different
type of intramolecular H-bond in which the acceptor
is not in the head group. The arrangement illustrated
in Scheme 3 could explain several trends observed at
the lowest concentrations in the absence of water:
the complete elimination of differences and downfield
shift of the H"1A and B resonances (open symbols in
Fig. 3), the large upfield shift in the 3!'P resonance
(open symbols in Fig. 4), the significant reduction in
the difference of chemical shifts for HIA and B (open
symbols in Fig. 5) and the sharp increase in the
chemical shift for the NH resonance (open symbols
in Fig. 6). Scheme 3 shows that the acceptor site may
be the OH group of the sphinganine base, as sug-
gested by the downfield shift seen in the H3 reso-
nance of the dehydrated samples as compared to
the partially hydrated samples (Fig. 5). Hartree—
Fock ab initio calculations carried out at the 6-
31G** level on a secondary alcohol indicate that
there would be a reduction in the charge of H3
when the OH acts as an acceptor. Conversely, a
shielding effect would be expected if the OH acted
as a donor, since an increase in negative charge of
H3 is found theoretically. In this scheme the phos-
phate group is not restricted by intramolecular H-
bonds and the torsional diester angles C1-O1-P-O"1
and O1-P-O"1-C"1 would be expected to adopt the
most favorable gauche—gauche conformation, with a
corresponding upfield shift in the 3'P resonance. This
effect is seen in the 3'P chemical shift for the dehy-
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Scheme 3.
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drated monomer, where the very upfield chemical
shift observed (6=—1.3 ppm) is suggestive of an ar-
rangement  without intramolecular restrictions
around the phosphate group.

4.4. Impact of hydration

Although the spectral changes observed upon ad-
dition of water were more pronounced for the 8.4
mM (Fig. 11a) than for the 80 mM sample (Fig.
11b), the nature of the changes was similar. In
both cases, complete hydration resulted in a down-
field shift of the NH resonance. This and the overlap
of H1A and B resonances (Fig. 11a), which differed
by about 0.3 ppm in the partially hydrated samples
(Fig. 5) indicate the possible weakening or partial
rupture of the intramolecular H-bond established be-
tween the NH group and the ester oxygen Ol or an
anionic phosphate oxygen. The weakening of this
bond as lipid-lipid interactions and lipid-water inter-
actions become predominant, would reduce the re-
striction around the geminal protons H1A and B
imposed by the intramolecular H-bond. The NH
group, instead, would be then bonded to bridging
water molecules that would extend the H-bonding
network established around the interface regions of
neighboring DHSM molecules.

This postulate is supported by the changes in the
resonances associated with the headgroup. With the
addition of excess water, the resonances correspond-
ing to H"1A and B that were partially resolved in the
8.4 mM sample of partially hydrated DHSM, coa-
lesced into a single band. The 3!'P chemical shift
moved upfield to d=—0.06 ppm for both concentra-
tions. This is consistent with a weakening of the pro-
posed intramolecular H-bonds that restrict the phos-
phate anion in the partially hydrated state,
particularly at the lower concentrations. From all
the changes, it is then inferred that in the hydrated
samples intramolecular H-bonds are significantly dis-
placed and allow for a less restricted arrangement of
the phosphate group. The formation of intermolecu-
lar H-bonds involving water molecules and the amide
and phosphate moieties prevails. Interestingly, the
hydration of lipids at the lowest concentrations in-
vestigated resulted in a *'P chemical shift of —0.28
ppm, further upfield than in any other hydrated sam-

ple. In this case, it is proposed that the presence of
conformers without any internal restrictions, such as
that represented in Scheme 3, allows for an even
more extensive interaction between water molecules
and the phosphate group.

5. Conclusions

Significant conformational differences between the
monomeric and the aggregated arrangements of
DHSM are evident from the analysis of the spectral
data. The intramolecular H-bonds that prevail below
the CMC are partially disrupted by the formation of
intermolecular H-bonds between the amide proton
and water. The impact of water in the aggregation
process is indeed relevant and suggests that bridging
water molecules are an integral part of the H-bond-
ing network established among the interface regions
of DHSM.

The comparison of these trends and those reported
for SM in the accompanying report [67] point to the
key role of the NH and OH groups in the nature of
the intra- and intermolecular interactions. The NH
moiety appears to be capable of participating in
stronger intermolecular H-bonds in DHSM than in
SM. These interactions connect neighboring lipids
through water molecules. If the OH group is in-
volved in a weaker intramolecular H-bond in
DHSM as compared to SM, it could be more avail-
able or reachable, either as a donor or acceptor, for
the formation of intermolecular H-bonds. This also
would account for the higher transition temperature
observed in DHSM as compared to SM and the
differences in solubility of these lipids in chloroform:
whereas SM dissolves readily, sonication and/or
heating is required to dissolve DHSM.

At this time, the reasons behind the tendency of
the OH and NH groups of DHSM to form weaker
intramolecular H-bonds are being investigated in our
laboratory using molecular modeling and experimen-
tal studies of fragments of these two lipids. It is ex-
pected that the conformational characterization of
these enigmatic molecules will provide helpful infor-
mation in unraveling their biological role(s) as com-
ponents of biomembranes and as participants in cell
signaling mechanisms.
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