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Abstract—The conformational behaviour of sulfatide and its C-glycosyl analogue has been studied by using a combination of J and
NOE data assisted by molecular mechanics calculations. There is a major exoanomeric conformation around the phi angle of both
molecules with two or three conformers contributing to the equilibrium around psi. The MM3* calculations only provide a qualita-
tive description of the actual population distribution. Despite this geometrical similarity, the quantitative analysis of the NOE inten-
sities at a variety of mixing times indicates that the motion around the pseudoglycosidic linkages of the C-glycosyl analogue is faster

than that for the natural compound.
© 2007 Elsevier Ltd. All rights reserved.
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Sulfatide is a mammalian sulfoglycolipid, which is a
mixture of 3-O-sulfo-galactosylceramides containing
fatty acid residues of different structure and chain
length. The nervonoyl derivative is la. Sulfatide is a
major component of both the central and peripheral
nervous systems, and is also present in subpopulations
of neurons and astrocytes, which are nonmyelin-forming
cells of the brain. This natural cellular lipid in myelin is
localized to the plasma membrane, and functions as a
structural component, while in neuron and astrocytes
it is located in the intracellular compartment with func-
tions not yet well understood.' It accumulates in these
cells in arylsulfatase A (ASA)-deficient mice, which are
a model for the human neurodegenerative disease meta-
chromatic leukodystrophy.? Distinct sulfatide molecular
species may have different distributions. For example,
analysis in mice of the molecular species of sulfatide in

* Corresponding authors. E-mail addresses: federica.compostella@
unimi.it; jjbarbero@cib.csic.es

0008-6215/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carres.2007.04.023

cultured astrocytes and neurons showed that they con-
tain mostly short-chain fatty acid sulfatide with an
emphasis for stearic acid, while long-chain (C22-C26)
fatty acids are found on sulfatide in myelin. The fatty
acid chain length of sulfatide might determine its subcel-
lular localization and thereby its function.! Further-
more, pancreatic islets are demonstrated to contain
sulfatide and to exhibit a profile of species different from
that of brain.?

Sulfatide is involved in immunological phenomena. In
fact, in the context of the stimulation of T-cells mediated
by CDI1 proteins, sulfatide binds to all human CD1 mole-
cules and also to mouse CD1d.* Treatment of wild-type
(but not CD1d-deficient) mice with sulfatide prevented
the development of experimental allergic encephalomy-
elitis (EAE).” Furthermore, antibodies to sulfatide occur
in sera of some patients with demyelinating neuropa-
thies and with newly diagnosed insulin-dependent diabe-
tes mellitus caused by immunological destruction of
insulin-secreting pancreatic islet B-cells.®’
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Recently we have been involved in a study to evaluate
how sulfatide structural modifications affect the T-cell
response to this antigen mediated by CDI proteins.®’
The importance of both the lipid and the sugar structure
in the immunogenicity of these glycolipids is recognized.
In particular, we prepared the C-glycosyl isosteric ana-
logue of sulfatide to investigate whether the substitution
of the anomeric oxygen with a methylene affects T-cell
response.'® Due to the well described conformational
variations between O- and C-glycosyl compounds,'! this
modification might confer a different bound conforma-
tion'? within the active site of CD1 molecules or might
influence the binding capacity to CD1. Indeed, the bio-
logical results in the T-cell presentation assay have
shown that C-sulfatide 1b is less stimulatory than natu-
ral sulfatide 1a.

Because the biological role of 1a is related to a mem-
brane-like environment, it is particularly important to
study its conformation with amphiphilic molecules that
might mimic the atmosphere of sulfatide incorporated
into its biological environment, that is, with the lipid
chains buried in a hydrophobic surrounding, better than
in a nonpolar solvent or nonnatural medium, like
DMSO or a water-hexane interface. Among these
amphiphilic molecules, the most common membrane-
mimicking aqueous media compatible with NMR stud-
ies in solution are detergents, such as sodium dodecyl
sulfate (SDS). SDS can solubilize membrane lipopep-
tides or glycopeptides and form micelles of a few dozen
molecules, which generally give a short enough correla-
tion time for NMR studies in liquids. This led us to
study the conformational behaviour of C-sulfatide 1b
in an SDS solution using NMR spectroscopy and to
compare this with that of sulfatide 1a itself.
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Molecular mechanics and dynamics calculations:
Molecular mechanics (MM) calculations were per-
formed using the Mm3* force field'® as integrated in
MACROMODEL.'"* The steric energy maps for la
and 1b were computed as a function of the glycosidic
(@) and aglyconic (¥) torsions, and the corresponding

probability distributions were built from the relaxed
maps, according to a Boltzmann function at 298 K
(see figure in Supplementary data).

According to these calculations, the O-glycosyl com-
pound presents three low-energy conformations, all of
them showing the expected exoanomeric orientation
around ¢. Conformer A is located in the exo-¢/anti-y
conformational region, conformer B shows exo-¢/syn-
Y+ geometry, while the global minimum C belongs to
the exo-¢/syn-y— area. The corresponding views of
these conformers are given in Figure 1.

In contrast, for the C-glycosyl compound, the Mmm3*
analysis predicts the presence of a rather distinct distri-
bution. Again, three low-energy conformations are pres-
ent, but in this case, not only the exo-¢ configuration is
populated, but also the global minimum is located in the
anti-¢/syn-y region D. The exo-¢ minima are located in
the exo-¢/anti-yA and exo-¢/syn-y— C regions (Fig. 2).

The low-energy conformations obtained in the Mmm3”
calculations were used as input structures for molecular
dynamics (MD) simulations. These simulations were
performed over 5ns also using the same force field.
The conformational behaviours of @ and ¥ torsions
were monitored during the simulation time and all the
minima found in the MM calculations were shown to
be conformationally stable (see figure in Supplementary
data).

Indeed, for the O-glycosyl compound, the MD results
are in good agreement with those predicted by MM,
independent of the starting structure. The simulations
predict that the glycosidic torsion only shows the exo-
syn conformation, whereas for the aglyconic one, the
three rotamers are present: anti (¥ ca. 180°), syn_ (¥
ca. —90°) and synyy (¥ ca. +120°). For 1b, when the
exo-®/syn-¥— was used as input geometry, the simula-
tion remained at this conformation for most of the time,
with minor fluctuations to the exo-®/anti-¥ geometry.
The simulation starting at the global minimum anti-®/
syn-¥ conformer remained at this geometry for the
whole trajectory.

NMR spectroscopy: The validity of the theoretical re-
sults was verified through NMR spectroscopy to assess
the final conformational distribution for la and 1b.
The chemical shifts in deuterated SDS micelles, in a
1:120 molar ratio, at 298 K are listed in Table 1, along
with the scheme used for the atomic numbering. The
assignment of the resonances was made using a combi-
nation of COSY, TOCSY, NOESY and HSQC experi-
ments (see figure in Supplementary data).

The J values for the ring protons indicate that the
pyranose rings adopt the usual *C; chair conformation,
independently of the nature of the C- or O-glycosidic
linkage. The intermediate values observed for the
C5-C6 lateral chains are in agreement with the well
described equilibrium between the tg:gr conformers' for
the Gal and pseudoGal rings of 1a and 1b, respectively.
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Figure 1. The most stable @, ¥ conformers of compound 1a. (a) exo-®, anti-V. (c) exo-®, syn-¥_). (b) exo-®, syn-¥ . A simplified model of the

lipid tail has been used for simplicity.
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Figure 2. The most stable @, ¥ conformers of compound 1b. (c) exo-®, syn-¥(_). (a) exo-®, anti-¥. (d) anti-®, syn-¥_). A simplified model of the

lipid tail has been used for simplicity.

For 1a, no homonuclear couplings are available
around the @ glycosidic linkage, and thus the conforma-
tional distribution has to be derived from the NOE
information,'® assisted by the calculations. 7 In contrast,
for 1b, two interglycosidic couplings from Gal H1 (9.1,
2.1 Hz) could be measured. The existence of one large
and one small value'® is in agreement with the existence
of a very major conformation around @, which corre-
sponds to the syn exoanomeric orientation.'” These cou-
pling values allow us to discard the presence of the

MM3*-based global minimum (anti-®) conformer in a
significant amount. Thus, the MMm3" calculations only
provide a qualitative description of the actual popula-
tion distribution, at least for compound 1b.

Regarding ¥ angle, again, for 1a, no homonuclear
couplings are available,'® and thus the assessment of
the actual geometries has to rely on the combination
of NOE data'® and molecular mechanics.'” For 1b,
although the Jcmhza 70, JoH2a, 700 Jen2p,70 and Jemow, 7o
do indeed exist, they could not be measured in a reliable
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Table 1. Chemical shifts (6, ppm) and coupling constants (J, Hz) for
the key protons of 1a and 1b*

3 OH 1 (CH,ab) ~ab
1. X=0 OH
2. X=CH,

Compound 1a o (ppm) Compound 1b o (ppm)
Gal H1 4.46 Gal H1 3.31
Gal H2 3.64 Gal H2 3.53
Gal H3 4.31 Gal H3 4.27
Gal H4 4.23 Gal H4 4.24
Gal HS 3.67 Gal H5 3.62
Gal Hé6a 3.78 Gal Hé6a 3.69
Gal H6b 3.78 Gal H6b 3.72
CH,, — CH,, 1.50
CHyy, — CHyy, 1.78
H;., 4.01 H,, 1.60
Hy, 3.87 H7, 1.88
Hg 3.92 Hg 3.66
Ho 4.00 Ho 3.84
H,, 5.34 H,, 5.34
Hy, 5.70 Hy, 5.64

(J, Hz) (J, Hz)
Ji2 8.0 9.3
Ja3 10.1 9.3
J3a 4.3 3.5
Jas <1 <1
NETIN 6.5 5.4
Js.6B 7.6 8.0
Jis 8.5,2.0 8.5,2.0
Jso 9.0 8.5
Jo.10 9.0 8.5
J1011 15.0 15.2
Ji112 6.8,7.5 64,74
Ji.cH2a — 2.1
Ji.cHa2B — 9.1
J7A.cH2A — Not measured
J7a.cH2B — Not measured
J7B,CH2A — Not measured
J7B.cH2B — Not measured

#Measured at 1 mM concentration at 500 MHz in deuterated SDS
micelles (120 mM) at 298 K.

manner and thus the protocol to obtain the distribution
has to be as that used for 1a.

There are three key additional torsional degrees of
freedom that connect the lipid with the galactose/
pseudogalactose moiety, dubbed as C7-C8, C8-C9
and C9-C10 linkages in the scheme given in Table 1.
For both 1a and 1b, the corresponding coupling values
could be measured and were found to be of similar val-
ues, within 0.5 Hz. This fact indicates that the confor-
mational distribution around these three linkages is
similar for both derivatives and, thus, the C-glycosidic
linkage does not substantially influence the conforma-

tional behaviour of sulfatide at the lipid area. The Jgo
and Jo o coupling values are equal or larger than
8.5 Hz, again indicating a major orientation around this
area, with an anti-like relationship between both proton
pairs. For the Jg 7, and Jg 7, couplings values of 2.1 and
9.1 Hz were found again, indicating the presence of a
very major geometry around this linkage.

Then, the J-coupling information was complemented
by the NOESY experiments (Table 2), which were car-
ried out to finally deduce the conformational distribu-
tions for la and 1b. The intensities of the observed
NOEs were transformed into distances, using a full ma-
trix relaxation approach'® and compared to those esti-
mated by the molecular mechanics and dynamics
calculations.'>?° Indeed, the combination of NOESY/
ROESY experiments showed that spin diffusion'>!¢ is
very efficient for both molecules, especially for 1b (with
the CH,-CH,- arrangement), under the employed
experimental conditions and, thus, the use of a full
relaxation matrix approach is a must.

The key NOEs for the conformational information
around &, ¥ are those involving Gal H1 and the prox-
imal protons of the lipid moiety. In all cases, NOEs were
negative; that is, they showed the same sign as the diag-
onal peaks.'® For 1a, these key NOEs were transformed
into distances using a full relaxation matrix approach as
described, and compared to those obtained from the
low-energy structures calculated by Mm3*. From this
comparison, it can be deduced that no single conformer
may exclusively explain the observed NOEs. Indeed,
according to the NOE data, 1a exists as a conforma-
tional equilibrium among the three predicted conform-
ers. The best fit between observed and predicted NOE
data (Table 3) was obtained when there was a popula-
tion distribution of approximately 40% of the exo-¢/
anti-yy conformer, 10% of the exo-¢/syn-y(—) conformer
and 50% of the exo-¢/syn-yy conformer. A view of these

Table 2. Selected NOEs at 200 ms mixing time for the anomeric
proton (H1 Gal) of 1a and 1b*

Observed NOE %
(200 ms mixing time)

Compound 1a

Gal H1/Gal H3 11
Gal H1/CH,b 5
Gal H1/H8 3
Gal H1/CH»a 8
Gal H1/Gal H2+H5 10
Compound 1b

Gal H1/CH,-b
Gal H1/CH»-a
Gal Hl/H-a
Gal H1/H-b
Gal H1/HS8
Gal H1/Gal H2 3
Gal H1/Gal H3+H4 13

% Measured at 1 mM concentration at 500 MHz in deuterated SDS
micelles (120 mM) at 298 K.
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Table 3a. Experimental inter-proton distances from NOE analysis according to a full relaxation matrix approach, for the anomeric proton H1 Gal of

1a*

Proton pair Exp. distance (A) @ 50/y 180 (10\)

® 60/ —60 (A)

@ 60/y 120 (A) Average (r~%) /6 40/10/50

A/B/C distribution (A)

H1/Hsa 2.8 2.4
H1/H8 32 4.2
H1/H;b 2.6 2.9

32 2.7
4.6 32
2.3 2.5

#Measured at 1 mM concentration at 500 MHz in deuterated SDS micelles (120 mM) at 298 K.

Table 3b. Fitting of the observed NOE:s to the experimental values for
the different proton pairs regions of 1b*®

7, 1500 ps Exp
@70 ¥ —55 D60 ¥ —175
Gal H1/Gal H3+H4 114+2% 10%+2% 13%
Gal H1/Gal H2 4% 4% 3%
7. 800 ps
Gal H1/CH,b 2% 2% 2%
Gal H1/CH,a 4% 4% 4%
Gal Hl/H7a 1% 2%! 2%)
Gal HI/H;b 1% 4% 4%
Gal HI/CHNH 6%) 0%1 3%)

#Measured at 500 MHz, 298 K with 200 ms mixing time.

®The required effective correlation time for fitting the intra-residue
cross peaks within the six-membered ring is different to that required
for the inter-residue ones.

conformers is given in Figure 1 and its superimposition
in Figure 3. In any case, the long lipid tails may adopt a
variety of orientations in the SDS medium, as also
depicted in Figure 3.

For compound 1b, again, the calculations are com-
pared with the experimental data, to conclude that this
compound populates the exo-¢/anti-fy and exo-¢/syn-
() minima. Nevertheless, by using a single global mo-
tion rotational correlation time, it was also impossible to
quantitatively fit, in a simultaneous manner, all the cross
peaks belonging to the different parts of the molecule
(Table 3). Thus, different effective correlation times were
used for the intra-sugar cross peaks for the sugar-lipid
cross peaks, and for the intra-lipid cross peaks. This is
a clear indication of internal flexibility of this molecule,
with distinct motion in the different parts of the mole-
cule. Indeed, when the NOEs of the sugar ring were ad-
justed, using 1500 ps as correlation time, the sugar-—lipid
and the lipid NOEs were overestimated. In contrast,
when the correlation time was decreased to 800 ps, indi-
cating a faster motion around this area, it was possible
to adjust the experimental with the simulated sugar—
lipid NOEs, assuming a conformational equilibrium, in
which the exo-¢/anti-y and exo-$/syn-y_, geometries
are equally present in approximately 50%.

The coupling values for the H7/H8, H8/H9 and H9/
H10 proton pairs (see Table 1), as well as the observed
NOEs within the C7-Cl11 fragment, are in agreement
with a major anti, anti orientation for the O(CH,)-C7-
C8-(C9, C7-C8-C9-C10 linkages and a value around

—140° for the C8-C9-C10-Cl11 torsion for both la
and 1b.

In conclusion, the conformational behaviour for sul-
fatide and its C-glycosyl analogue is relatively similar
in terms of the contributing conformations. According
to the combination of J and NOE with the geometries
provided by molecular mechanics calculations,'” there
is a major exoanomeric conformation around the @ an-
gle of both molecules with two or three conformers con-
tributing to the equilibrium around ¥. Nevertheless, the
MM3™ calculations only provide a qualitative description
of the actual population distribution. The existence of a
major exoanomeric orientation for the C-glycosyl com-
pound is due to the steric interaction between the equa-
torial O-2 and the aglycon in the non-exoanomeric
orientation.”! Despite this geometrical similarity, the
quantitative analysis of the NOE intensities at a variety
of mixing times indicates that the motion around the
pseudoglycosidic linkages of the C-glycosyl analogue
1b is faster than that for 1a. The importance of this fea-
ture for the observed decreased stimulatory activity of
1b versus 1a remains an open question and has to be fur-
ther evaluated. At this point we propose, although
merely speculatively, that the reduced potency of 1b
versus la might be related to their different conforma-
tional distributions, the different dynamic behaviour or
simply to the requirement of the glycosidic oxygen to
establish key interactions with its environment. Never-
theless, although relatively large doses of C-sulfatide
1b are required to generate a sufficient number of stim-
ulatory CDla complexes, the enhanced stability of this
molecule towards chemical and biological degradation
makes it a good candidate for further research in this
area.

1. Experimental
1.1. Materials

Compounds 1la and 1b were obtained as previously
described.>!°

1.2. Molecular mechanics calculations

The relaxed (¢, ) energy maps for compounds 1a and
1b were generated by systematic rotations around the
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Figure 3. Superimposition of the two major @, ¥ conformers for compounds 1a (left) and 1b (right). For 1a, they are the exo-®, anti-¥ and the exo-
@, syn-P (). For 1b, the exo-®, anti-¥ and the exo-P, syn-¥_,. A simplified model of the lipid tail has been used for simplicity. A superimposition of
six conformers randomly taken from snapshots of the MD simulation is shown below, to show the large conformational space encompassed by the
lipid tails. In this case, the sulfate group has been removed from the superimposition.

glycoside and aglyconic bond using a grid step of 18°,
optimization of the geometry at every @, ¥ point using
conjugate gradients iterations until the rms derivative
was smaller than 0.05kJmol ' A~!, and energy
calculation using the mm3™ force field (¢ = 80) as inte-
grated in MAESTRO program. The 7g and gr orienta-
tions of the lateral chain of the galactose moiety>>
were taken into account, because they have been
shown to be much more stable than the alternative
gg conformer. Thus, two starting structures were con-
sidered, and in total, 800 conformers calculated. From
these relaxed energy maps, adiabatic surfaces were
built by choosing the lowest energy structure for a
given ¢, Y point. The probability distribution was cal-
culated for each point according to a Boltzmann func-
tion at 298 K.

1.3. J and NOE calculations

The vicinal coupling constants were calculated for each
conformation using the Karplus-Altona equation.'®

Ensemble average values were calculated from the distri-
bution according to J =) PyyJis. The interproton
average distances were calculated using the following
expression: (ro, = ZPM;’,:[‘E’(M. To deduce the inter-
proton distances, relaxation matrix calculations were
performed using the software written in our laboratories
that is available from the authors upon request.>® Iso-
tropic motion and external relaxation of 0.1 s~! was first
assumed. Nevertheless, by using a single global motion
rotational correlation time, it was also impossible to
quantitatively fit, in a simultaneous manner, all the cross
peaks belonging to the different parts of the molecule.
Thus, different effective correlation times were used for
the intra-sugar cross peaks, for the sugar-lipid cross
peaks, and for the intra-lipid cross peaks. This is a clear
indication of internal flexibility of this molecule with dis-
tinct motion in the different parts of the molecule.’*
Within the sugar ring, a correlation time of 1500 ps
was used to obtain the best matching between experi-
mental and calculated NOEs for the intraresidue H1-
H3 proton pair.
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1.4. NMR spectroscopy

Each molecule (ca. 1 mM) was dissolved in aqueous
(D»0), micellar solutions of 120 mM SDS-d,5 (Euriso-
top), and the pH was adjusted to 5.1. NMR experiments
were recorded on a Bruker Avance 500 instrument at
25 °C. Chemical shifts were referenced to external DSS
in D,O. 1D spectra were acquired using 32K data
points, which were zero-filled to 64 K data points prior
to Fourier transformation. Absolute value COSY, and
phase-sensitive HSQC spectra, NOESY and ROESY
(mixing times of 200, 300 and 400 ms) were acquired
using standard techniques. Acquisition data matrices
were defined by 2K x 256 points, multiplied by appro-
priate window functions and zero-filled to 2K x 512
matrices prior to Fourier transformation. Baseline cor-
rection was applied in both dimensions. 1D-selective
NOE spectra were acquired using the double echo
sequence proposed by Shaka and co-workers® at four
different mixing times (200-600 ms). Spectra were
processed using the Bruker XwWIN-NMR program on a
personal computer.
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