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Carbohydrate Dynamics at a Micellar Surface:
GD1a Headgroup Transformations Revealed by NMR Spectroscopy
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ABSTRACT The conformational dynamics of the carbohydrate headgroup of ganglioside GD1a, NeuAca2—3Galp1—
3GalNAcp1-—->4[NeuAca2— 3]Galp1—4Gicps1— 1Cer, anchored in a perdeuterated dodecylphosphocholine micelle in aqueous
solution, were probed by high resolution NMR spectroscopy. The observed 'H/'"H NOE interactions revealed conformational
averaging of the terminal NeuAca2—3Gal and Galp1—3GalNAc glycosidic linkages. The pronounced flexibility of this trisac-
charide moiety was substantiated further by two-dimensional proton-detected '*C T, T, and 'H/'*C NOE measurements. The
anchoring effect of the micelle allowed the detection of conformational fluctuations of the headgroup on the time scale of a few
hundred picoseconds. NMR experiments performed on the GD1a/DPC micelles in H,O at low temperatures permitted the
observation of hydroxyl proton resonances, contributing valuable conformational information.

INTRODUCTION

Cell surface glycolipids are involved in a variety of specific
interactions such as cell-cell adhesion, cell differentia-
tion, malignant transformations, and signal transduction
(Hakomori, 1984; Fishman and Brady, 1976; Hakomori,
1993). It is believed that the conformations and dynamics
of the oligosaccharide moiety play key roles in the biolog-
ical functions of glycolipids. The structures of glycolipids
at the molecular level have been studied by NMR spectros-
copy in both liquid and liquid-crystalline solutions. The
NMR methodology, however, differs considerably between
the two types of media. In oriented, membrane-like systems,
orientation and dynamics of the glycolipid headgroup have
been probed by dipolar, *C-*C, 'H-*C (Sanders II and
Prestegard, 1991; Aubin and Prestegard, 1993), or deuterium
quadrupolar (Skarjune and Oldfield, 1979; Jarrell et al.,
1986; Fenske et al., 1991; Winsborrow et al., 1991) cou-
plings. Although potentially very powerful, these studies re-
quire isotopic enrichment, which is not currently a routine
procedure. Alternatively, suitable systems for high resolution
NMR studies are native glycolipids dissolved in aprotic sol-
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vents (Czarniecki and Thornton, 1977; Scarsdale et al., 1986;
Scarsdale et al., 1990; Acquotti et al., 1990; Poppe et al.,
1990), the oligosaccharide portions of the glycolipid mol-
ecules dissolved in water (Sabesan et al., 1984; Sabesan et al.,
1991) and glycolipid/detergent aqueous solutions (London
and Avitabile, 1976; Eaton and Hakomori, 1988; Poppe et al.,
1990; Acquotti et al., 1990). The latter system is particularly
attractive because the glycolipid is anchored in a detergent
micelle that, to a certain extent, resembles the physiological
membrane environment, yet is small enough to give high-
resolution spectra.

The ganglioside GD1a is a dianionic glycolipid (Scheme
1) that is found predominantly in neuronal plasma mem-
branes. To date, the conformation of the hexasaccharide por-
tion of GD1a has been probed at the levels of both the native
ganglioside dissolved in DMSO solution (Scarsdale et al.,
1990) and a lipid-free, synthetic oligosaccharide analog,
GD1a0Ss, in aqueous solution (Sabesan et al., 1991). These
independent studies revealed rather rigid, yet different con-
formations for the headgroup. This discrepancy, most likely
due to different solvent effects on the carbohydrate confor-
mation, prompted us to probe the three-dimensional structure
of GD1la in a more natural environment, such as a phos-
pholipid (DPC) micelle in aqueous solution. This system fa-
cilitated the use of high resolution NMR experiments that
comprised single-selective and double-selective 'H NOE
measurements, involving labile and nonlabile protons. In ad-
dition, the molecular dynamics of the ganglioside headgroup
were studied by probing *C/'H dipolar interactions through

BCT, T,,, and NOE measurements.

MATERIALS AND METHODS
Sample preparation

Ganglioside GD1a was isolated from calf brain as previously described
(Tettamanti et al., 1973). Samples for NMR measurements were prepared
by dissolving 7 mg of the sodium salt of the ganglioside and 77 mg of
dodecylphosphocholine-d,; (DPC), purchased from Merck, Sharp and
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Dohme (St. Louis, MO), in 0.5 ml of D,0 or 90% H,0/10% D,0. The D,0
solution contained phosphate buffer (pH 7) and was deoxygenated by bub-
bling with argon gas. To obtain the conditions of slowest chemical exchange
for the hydroxyl protons, the pH of the H,O solution was carefully adjusted
with the addition of hydrochloric acid or sodium hydroxide to ~7.4.

NMR spectroscopy

Proton-detected spectra were obtained at 600 MHz using a Bruker AMX 600
spectrometer. The 1D NOESY (Neuhaus and Williamson, 1989), 1D
MINSY (Massefski, Jr. and Redfield, 1988), 1D ROESY (Bothner-By et al.,
1984), 1D TOCSY (Subramanian and Bax, 1987), and 1D double-selective
TOCSY-NOESY (Boudot et al., 1990; Poppe and van Halbeek, 1992) spec-
tra were recorded at 305 K using the selective, 90,-180, , _, _, excitation
(Sklenar and Feigon, 1990) based on DANTE pulse trains (Morris and
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Freeman, 1978). Truncated NOE spectra (200-500 ms preirradiation time) in
H,0 solution were obtained by using the 1-1 echo water suppression technique
(Sklenar and Bax, 1987; Poppe and van Halbeek, 1991). The 1D spectra were
recorded with an acquisition time and relaxation delay of 1.1 and 1.5 s, respec-
tively. Typically, 80-320 scans were accumulated per spectrum.

The 2D heteronuclear, 'H-detected experiments were carried out at 305
K using TPPI for quadrature detection in the F1 dimension (Marion and
Wiithrich, 1983). The 2D HSQC (32 scans per ¢, increment) and HSQC-
NOESY (96 scans per ¢, increment, 0.25 s mixing time) spectra were re-
corded with £, and ¢, acquisition times of 340 and 28.2 ms, respectively, and
a relaxation delay of 1.1 s. Pulse trains for 1*C relaxation and heteronuclear
NOE measurements were based on the INEPT (for the CH) or DEPT-45°
(for the CH,) magnetization transfer steps (Sklendr et al., 1987; Kay et al.,
1987; Kay et al., 1989; Nirmala and Wagner, 1989; Palmer III et al., 1991;
Peng et al., 1991; Peng and Wagner, 1992). Fig. 1 shows examples of the

T CPD

FIGURE 1 Pulse sequences for proton-detected T,
(a), T,, (b), and NOE (c) measurements. The thin and
thick bars denote 90 and 180° pulses, respectively. T,,
T, stand for short trim pulses (1-2 ms), A = 1.5 ms. (a)
¢, = 16x, 16y; b, = 8y, 8(—y); b; = 4x, 4(—x), b, =
¥, —y; &s = 2x, 2(—x); ¢g = F(x, —x), where F de-
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notes the fractal symmetry operation, i.e., F(x, —x) =
(6, —x, —x,%). () &, = 8%, 8; b, = 4y, 4(=y); &, =
26, A=x); b, = 16(=y), 16y, &5 = x, —x: b, = F(x,
~—x). The spin-lock consisted of contiguous carbon b x
180° pulses, interspersed with proton 180° pulses, to
climinate the effects from cross correlation between
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chemical-shift anisotropy and dipolar relaxation
mechanisms (Peng and Wagner, 1992; Kay et al.,
1992).(c) &, = 2%, 2(—x); &, =y, —y; &, = 4x,4(—x);
¢, = Fi(x, —x).
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pulse schemes for measuring T, T,,, and NOE (for the methine carbons).
The T, and T, spectra were recorded with mixing times of 40, 140, 220,
320, 500, 800, 1000, and 1200 ms and 7, 11, 21, 35, 42, 49, 63, 77, 84, 105,
and 140 ms, respectively. The acquisition and equilibration times were 0.34
and 1.5 s, respectively, for the T, and T, experiments, and 0.34 and 3.5 s
for the heteronuclear NOE measurements. The complex time-domain data
matrices for T, and NOE measurements were 128 X 2048 points; after
zero-filling, Gaussian window multiplication, Fourier transform, and base-
line correction, they gave spectra with digital resolutions of 1.5 and 35 Hz/pt
in F2 and F1 dimensions, respectively. T, -weighted spectra were recorded
for three different offset values (54, 72, and 102 ppm) in the F1 dimension,
which coincided with the offset values for the spin-locking field. The spec-
tral windows and data matrices consequently were reduced to give the digital
resolutions of 1.5 and 23 Hz/pt in F2 and F1, respectively. For each T, and
T,, experiment, 64 scans were accumulated per ¢, increment; for NOESY
experiments 128 scans per ¢, value were acquired.

Following routine procedures, *'P T, and T, relaxation measurements
were performed at 202.4 and 121.4 MHz (on Bruker AM-500 and AC-300
instruments, respectively) at 305 K.

Data evaluation

The intensities, I(T), of cross-peaks in the T, and T, experiments depicted
in Fig. 1 are described with a single exponential decay (Sklendr et al., 1987)

KT) = Ioexp(—TL), 1)

Kp)

where I, is the intensity at 7 = 0. The NOE enhancements 7 are
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NOESY spectra obtained with and without saturation of the proton mag-
netization, respectively. The following relationships give a good approxi-
mation of the relaxation of the methine carbons by a single *C/'H dipolar
mechanism (Abragam, 1961):

1 D?
7= I_BH Moy — wc) + M(we) + 6wy + @c)] ©)
1
1 D2 in2,
T = %‘"’3 [4J(0) + J(wy ~ &) + 3(we)

’ 0]
+ 6J(wy) + 6J(wy + wc)]

_ Yl (0 + oc) — J(wy — wc)]
M (@ — wc) + W) + (g + 00)]

®)

where the dipolar coupling constant D, = 131.2 kHz (Kovacs et al,,
1989), -y, and v, are proton and carbon gyromagnetic ratios, and B is the
tip angle of the effective field in the rotating frame (Peng et al., 1991).
The angle B = arctan(w,/Aw), where Aw is the resonance offset and w, is
the effective spin-locking field strength (in most of our experiments
w,/27 =~ 3.7 kHz, so 8 > 70°). In writing Eq. 4 we assumed that all mo-
lecular rotational motions are much faster than w,. This is well justified
because T, values obtained at two different strengths of spin-locking
fields (1.5 and 3.7 kHz) were found to be essentially the same. The spec-
tral density functions, J(w), featured in Eqgs. 3-5 depend on both the over-
all motion of the aggregate and the internal motions of the *C-'H bond
vector. If the molecular dynamics are described by only two different cor-
relation times, 7,, for the overall and 7, for the internal motions, spectral
densities are expressed in the form (Lipari and Szabo, 1982; Chachaty,

I, 1987; Elbayed et al., 1989)
n=7y—-1, (2)
Iunsal ) T, " 7,
where I, and I, are the intensities of the cross-peaks in heteronuclear Jw) =S5 1+ @’ +(1-59 1+ w2’ ©
niong
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FIGURE 2 'H-NMR spectra of
the GD1a/DPC micelles in aqueous
solutions: (a) D,0 at 305 K; (b) c
90%H,0/10%D,0 at 273 K, ob-
tained with the 1-1 echo water sup- e e i e s
pression technique; (¢) expansion of
the hydroxyl proton region from
(b). Throughout the figures, the w pur—
GD1a glycosyl residues are indi-
cated as follows: Gce for Glc, G for
Gal, GN for GalNAc, G’ for Gal’, N
for NeuAc and N’ for NeuAc’ (see
also Scheme 1).
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TABLE 1 Chemical shifts* of nonlabile (at 305 K) and labile (at 273 K) protons in GD1a/DPC micelles in H,0 solution

Proton Cer Glc Gal NeuvAc GalNAc Gal’ NeuAc'
H1 proSt 4.18 4.48 4.55 4.82 4.64
H1’ proR 3.79
H2 3.95 3.35 3.38 4.07 3.56
OH2 6.95 6.60 5.62
H3eq 4.10 3.65 3.62 2.72 3.83 4.11 2.78
H3ax 191 1.80
OH3 6.20 5.85
H4 5.45* 3.63 4.15 3.82 4.19 3.97 3.72
OH4 6.45 5.85 5.95 6.41
H5 5.75 3.61 3.78 3.83 3.75 3.69 3.86
Hé6 3.82 3.83 353 3.79 3.75 3.65
H6' 4.00 3.83 3.79 3.75
OH6 5.41 n.d. n.d. n.d.
H7 3.61 3.61
OH7 5.75 5.75
H8 3.78 391
OH8 6.25 6.22
H9 3.66 3.67
HY 3.89 3.90
OH9 3.66 n.d.
NH 8.22 8.25 7.60 8.25
CH, 2.08 2.03 2.08

* Referenced to tetramethylsilane indirectly by setting 8 Cer H4 to 5.45 ppm.

*The H1 signals for Cer were stereospecifically assigned on the basis of NOE and scalar coupling patterns.

where S? is an order parameter measuring the degree of spatial restriction
of the internal motion and 7,' = 7' + 7L

The T, and T, relaxation of *'P in the deuterated phospholipid can be
completely described by a chemical shift anisotropy mechanism (Abragam,
1961)

1 3

T.-10 CloiJ(wp) )
—1- = i C?i[4J(0) + 3 (wp)] 8)
T, 20 °° e

where C = 115.7 ppm, as obtained from the principal values of the *P
chemical shift tensor (Dufourc et al., 1992). Utilizing inversion recovery and
spin-locking techniques, the 3'P relaxation times were measured at 305 K
for w/2m = 202.4 and 121.4 MHz. Because the rotating frame relaxation
time was measured on-resonance and showed no dependence on the effec-
tive field strength in the range of 0.5 to 3 kHz, it is equal to the transverse
relaxation time.

RESULTS AND DISCUSSION
Headgroup conformation

The proton spectra of the GD1a/DPC system in aqueous so-
lutions are shown in Fig. 2. Both spectra are clearly of high

resolution, suggesting a molecular aggregate of relatively
small size (vide infra). Spectral assignments of the 'H
(Table 1) and *C (Table 2) resonances were achieved
through the performance of 1D TOCSY, 2D HSQC, and 2D
HSQC-NOESY (recorded with and without carbon decou-
pling) experiments. The last experiment proved to be par-
ticularly useful in assigning spatially proximal H4, H5, H6,
and H6' spin systems in galactose residues. Tracing spin
topology through scalar couplings was restricted in these
cases by the small (<1 Hz) H4-H5 coupling constant. Simi-
larly, the hydroxyl protons, due to their short T, times, were
assigned on the basis of spatial proximity to the ring protons,
rather than by scalar connectivities. These assignments were
substantiated by 1D TOCSY experiments for the GD1a oli-
gosaccharide dissolved in a mixed solvent, H,0/(CD,),CO
(4:1, v/v) at 263 K, where chemical exchange effects were
eliminated (data not shown). It is worth noting that only the
primary hydroxyl protons of the sialic acid and galactose
residues were not observable (Table 1), probably due to the
faster chemical exchange with the solvent protons. Another
striking observation is that the OH8 protons (see Figs. 2 ¢ and

TABLE 2 Carbon chemical shifts* of GD1a/DPC micelles in D,O solution at 305 K

Carbon Cer Glc Gal NeuAc GalNAc Gal’ NeuAc’
C1 69.97 103.35 103.03 101.84 102.87 104.80 100.13
Cc2 53.56 73.00 70.30 174.30% 51.33 69.48 174.28%
C3 71.20 74.50 74.74 37.55 80.92 75.87 40.00
C4 130.46 79.27 77.44 68.97 68.10 67.82 68.75
C5 133.70 75.07 72.55 51.99 74.66 74.95 52.06
C6 60.50 60.97 73.38 61.45 61.27 73.15
Cc? 68.42 68.55
Cc8 74.50 72.14
9 63.18 62.90
C=0 174.95% 175.38% 174.88% 175.30¢

* Referenced to Gal’ C1 resonance at § 104.8 ppm (compare Sabesan et al., 1991).

* Assigned on the basis of a semiselective HMBC experiment.
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FIGURE 3 Truncated NOE spectra
(0.35 s irradiation time) for the NeuAc
(N) and NeuAc’ (N’) OHS8 protons in
GD1a at 281 K obtained using the 1-1
echo water suppression technique. Note

the nonuniform excitation profile. The re- G3 \
sidual water signal was reduced by post- \
acquisition data manipulation. In contrast

to the upper trace, the lower trace spec-
trum shows significant spin-diffusion
effects.
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3) of both sialic acid residues share the same spectral features
(slow chemical exchange, small vicinal coupling constant,
and strong NOE contact to the ring H6 proton) reminiscent
of a unique side-chain conformation in sialic-acid residues
(Poppe and van Halbeek, 1991).

The interresidual "H/'H NOE contacts observed for mi-
cellar GD1a are listed in Table 3. No attempts were made to
quantitate the NOE interactions. Instead, all efforts were con-
centrated on proving their existence as direct NOE contacts.
The data confirmed the arrangement of the GalNAc[NeuAc]-

TABLE 3 Interresidual 'H/'H NOE contacts in GD1a/DPC micelles

Gal trisaccharide fragment as being similar to that found in
the previous study on the homologous GM1 ganglioside (Ac-
quotti et al., 1990). In GD1a, the proximity of the GalNAc
and NeuAc residues is proven by the NeuAc OH8/GalNAc
NH and NeuAc OH8/GalNAc H2 NOE contacts (Fig. 3). The
second contact is not direct, as inferred from the molecular
model; it arises due to an interresidual interaction, for ex-
ample, between NeuAc OH8/GalNAc NH or NeuAc OHS8/
GalNAc H3(HS), the latter of which could not be observed
due to spectral overlap.

in aqueous solution

Residue | /residue — NeuAc’ Gal’ GalNAc NeuAc Gal Glc Cer
NeuAc' OHS8/H3
H3ax/H3
Gal’ OH2/H3eq H1/H3
H3/H8 H1/H4
H1/H2
GalNAc CH,H8 CH,H2
H1/H4
NeuAc OHS8/NH H3ax/H3
OHS8/H2* OH8/H4
Gal OH2/H3eq H1/H4
H1/H6'
OH2/H6
Glc OH3/H1 Hi/HY'
H1/H2
H1/H3
OH2/NH#

* This NOE originates from spin diffusion effects.
* Could not be distinguished from the direct chemical exchange interaction.
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FIGURE 4 Double-selective
TOCSY-NOESY spectra of GD1a/
DPC in H,0 with selective irradia-
tion of the Gal’ (G') H1 and Gal’ H3
resonances. (a) Mixing times for the
TOCSY and NOESY steps were 0.06
and 0.5 s, respectively. (b) The same
as (a) but with double-DANTE satu-
ration of Gal’ H1 and NeuAc’ H3ax
resonances during the NOESY mix-
ing time. Thus, spin diffusion effects
(for example, Gal’ H3—Gal’ H1—>
GalNAc H3 occurring in (@)) have
been eliminated.

FIGURE 5 1D NOESY of GD1a/
DPC in D,0O with selective excitation
of Gal’ H1. (a) 0.5 s mixing time. (b)
The same as in (a) but with irradia-
tion of the GalNAc H3 spin during
the mixing time. The indirect mag-
netization transfers mediated by the
GalNAc H3 spin have been blocked.
(c) The same as in (a) but with ir-
radiation of the Gal’ H3 and Gal’ H5
spins with double-DANTE pulse
train during the mixing time. In con-
trast to (a) the spectrum shows only
the direct contribution to the Gal’
H1/Gal’ H4 magnetization transfer
peak.

Micellar GD1a Headgroup Dynamics 1647
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FIGURE 6 Molecular models of the GD1a headgroup. This picture serves to illustrate, in a qualitative fashion, two energetically allowed structures that
satisfy the mutually exclusive sets of NOE constraints {1, 2, 3, 4} and {5, 6}, respectively. These NOE contacts (dotted lines) correspond to: 1: NeuAc’
OHB8/Gal’ H3; 2: NeuAc’ H8/Gal’ H3; 3: NeuAc’ H8/GalNAc CH,; 4: Gal’ H1/GalNAc H2; 5: Gal’ H1/GalNAc H4; 6: NeuAc’ H3ax/Gal’ H3.

v

An interesting NOE pattern was found for the NeuAc'-
Gal' GalNAc fragment revealing multiple conformations for
both glycosidic linkages. For example, the NeuAc' H3ax/
Gal’' H3 and NeuAc' OH8/Gal’ H3 NOE contacts, measured
in 1D double-selective TOCSY-NOESY and TOCSY-
MINSY experiments (see Fig. 4), can only occur simulta-
neously if the NeuAc' «2—3Gal’ glycosidic linkage samples
both (180°, 0°) and (—60°, 0°) conformations. In contrast, the
NOE pattern for the same type of linkage, NeuAca2—3Gal,
is completely different, showing an NeuAc H3ax/Gal H3
interaction that is 6 times stronger than for NeuAc’ H3ax/
Gal’ H3, and the additional NeuAc OH8/Gal H4 contact,
which strongly suggests the existence of only the (180°, 0°)
conformation. Conformational averaging is also evident for
the GalB1—3GalNAc linkage, where Gal’ H1/GalNAc H2
and Gal' H1/GalNAc H4 contacts (Fig. 5) are unlikely to
occur for only one set of glycosidic angles. Based on the
distance mapping procedure outlined by Acquotti et al.
(1990), this linkage may sample several conformations with
(®, P) values around (40°, 30°), (40°, —30°) and (—30°,
—30°). More compelling evidence for conformational aver-
aging comes from a long-range GalNAc CH,/NeuAc' H8
NOE. As inferred from a molecular model, this contact can
occur only in conformations in which the NeuAc' H3ax/Gal’
H3 and Gal’ H1/GalNAc H4 separations are too large to yield
a detectable NOE interaction. Fig. 6, presenting two ener-
getically allowed conformations of the GDla headgroup,
may serve to visualize better the extent of conformational
variation. The dotted lines indicate the NOE contacts that are
exclusive for each conformation.

Finally, a few interactions were observed between the glu-
cose and ceramide protons, giving some insight into the ori-
entation of the headgroup at the membrane surface. Here, the
most important observation is direct magnetization transfer
between Cer NH and Glc OH2 protons by NOE and/or
chemical exchange mechanisms. The proximity of these pro-
tons is consistent with the structure found by x-ray (Nyholm
et al., 1990) and molecular mechanics studies (Nyholm and
Pascher, 1993) in which the glucose unit occupies layer-
parallel orientation. This corresponds to the ganglioside
adopting, for a significant amount of time, an L-shaped con-
formation in which the headgroup is bent toward the micellar
surface. With the presented data, however, it is not possible
to determine if the headgroup orientation is unique or if it
adopts multiple conformations (Nyholm and Pascher, 1993),
both layer-parallel and layer-perpendicular.

More insight into the conformational averaging within the
oligosaccharide portion of GD1a was gained from the *C
relaxation studies presented in the next section.

Headgroup dynamics

The overall motion of the micellar aggregate was probed first
by *P relaxation measurements at two different field
strengths corresponding to 3'P resonance frequencies of
121.4 and 202.4 MHz. Because the dodecylphosphocholine
is fully deuterated, the 3'P relaxes almost exclusively by a
chemical shift anisotropy mechanism given by Eqgs. 7 and 8.
The relaxation rates were used to calculate the motional pa-
rameters of the two-state model given by Eq. 6 (see Table 4).
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TABLE 4 Measured* and calculated* 'P relaxation times of
GD1a/DPC micelles at 305 K

Field [MHz] T [s] Tk [s) 75 [s] TS [s]
202.4 1.34 1.36 0.22 0.19
121.4 2.76 2.82 0.38 0.51

* Standard errors did not exceed 5% of the experimental values.
* Calculated using Egs. 6-8 with 7, = 5.07 ns, 7, = 0.12 ns, and §? = 0.21
obtained from a nonlinear least-squares optimization.

The correlation time for the overall tumbling, 7,, = 5.07 ns,
corresponds to a molecular weight of 12-16 kDa, consistent
with previous physicochemical studies of DPC micelles
(Lauterwein et al., 1979). Thus, we may conclude that mi-
celles that contain one GD1a molecule per 30 * 10 phos-
pholipid molecules are statistically the most probable.
Using proton detection as described in Materials and
Methods, the GD1a headgroup dynamics were probed by *C
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FIGURE 7 Expansions of the 2D ‘H-detected, T,-weighted, *C-'H cor-
relation spectra of GD1a/DPC micelles in D,0O at the indicated mixing times.
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FIGURE 8 Expansions of the 2D 'H-detected, T, -weighted, *C-'H cor-
relation spectra of GD1a/DPC micelles in D,O at the indicated mixing times.

T, T,,, and NOE measurements. Examples of 2D spectra are
presented in Figs. 7 and 8. With the exception of the Gal' C4
spin (vide infra), the data in Table 5 clearly show signifi-
cantly different T, , and NOE values for the NeuAc' and Gal’
residues as compared to the rest of the carbohydrate moiety.
The relaxation data were converted into motional parameters
using Eqs. 1-6, assuming a single correlation time for the
GalNAc[NeuAc]GalGlc fragment and two correlation times
for the NeuAc'Gal’ branch (Table 6). The presence of the fast
internal motions of the NeuAc’ and Gal’ residues, reflected
in the 7, and S$? parameters, agrees with the discussed
conformational averaging of the NeuAc'a2—3Gal’ and
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TABLE 5 Relaxation parameters (nT, [s], nT,, [s], NOE)* for *C nuclei* in GD1a/DPC micelles in D,0 solution at 305 K

Residue Parameter C1 (7 C3 Cc4 Cs Cc6' C8 Cot
NeuAc’ T, 0.46 0.44 0.43 0.43 0.42 0.46
T, 0.14 0.13 0.14 0.13 0.15 0.17
NOE 1.6 1.6 1.6 1.6 17 1.6
Gal’ T, 0.43 0.43 0.41 0.48 0.43 05
T, 0.14 0.15 0.15 0.07 0.14 0.22
NOE 15 1.7 16 12 15 2.05
GalNAc T, 0.45 0.48 0.47 0.52 0.43 0.44
T, 0.07 0.08 0.07 0.06 0.08 0.16
NOE 11 12 11 12 12 1.9
NeuAc T, 0.40 0.43 0.42 0.44 0.46 0.48
T, nd. 0.08 0.08 0.08 0.08 0.13
NOE 11 11 12 1.3 11 1.5
Gal T, 0.46 0.42 0.40 0.45 0.45 0.41
T, 0.07 0.08 0.08 0.08 0.07 0.16
NOE 11 11 1.0 1.0 1.1 17
Gle T, 0.47 0.47 0.47 0.44 0.43 0.45
T, 0.08 0.08 0.08 0.08 0.08 0.09
NOE 12 1.2 12 13 12 14
Cer T, 0.45 047
T, 0.07 0.08
NOE 12 14

* The estimated average standard error is 10% for T, and T,, and 20% for NOE values.
* Data for the C7 atoms of NeuAc and NeuAc' residues are not included in the analysis because of spectral overlap.
Y The relaxation parameters for the methylene carbons should be treated with caution since they might contain systematic errors due to cross-correlation

effects (Werbelow and Grant, 1977; Kay and Bull, 1992).

Gal’ B1—3GalNAc linkages. The different relaxation of the
Gal’ C4 nucleus might be explained by the fact that the tor-
sions about the Gal’ C1-O1 bond (@ torsions) do not influ-
ence dipolar relaxation due to the parallel arrangement of the
C4-H4 and C1-01 bonds in galactose residues. The motional
parameters listed in Table 6 should be interpreted with cau-
tion because they might not correspond to any physical mo-
tion. For example, the overall correlation time (~2.8 ns) is
rather short for the expected size of the molecular aggregate
(~12-16 kDa). This discrepancy, which arises from our
oversimplified spectral density model, suggests that, in ad-
dition to the micellar tumbling, another segmental and/or
overall motion of the GD1a headgroup uniformly contribute
to the dipolar relaxation of the carbon spins. However, a more
rigorous treatment of the molecular motions of the system is
not warranted by our data.

The *C T, values obtained for GD1a in this study (Table
5), and independently by Sabesan et al. (1991) for the
GD1aOS oligosaccharide, are roughly uniform across all
sugar units, deceptively suggesting that the motion of the
headgroup is isotropic. Unlike the micellar GD1a, however,
the overall motion of the GD1aOS molecule occurs on a
similar time scale as the internal motion, masking the con-
tribution of the latter to the spectral densities.

CONCLUSIONS

By means of multinuclear magnetic resonance spectroscopy,
we have investigated the conformation and conformational
dynamics of the GD1a ganglioside anchored into a micelle.
The choice of the micellar systems for these studies has cer-
tain important advantages (compare McDonnell and Opella,
1993). First, the micelle system mimics the membrane en-
vironment. The water molecules are less mobile in the vi-
cinity of the micellar surface, and this slows down chemical
exchange with the hydroxyl protons of the carbohydrate
headgroup. At temperatures close to the freezing point of
H,0, most of the hydroxyl protons were observable, con-
tributing valuable information to the conformational analy-
sis. Finally, anchoring of the glycolipid in the micelle al-
lowed the observation of intramolecular motions within the
carbohydrate headgroup.

Contrary to the common perception of the GDla
carbohydrate adopting a single conformation, our NMR
data clearly revealed the pronounced flexibility of the
NeuAc'a2—3Gal’ and Gal’'Bl1—3GalNAc glycosidic
linkages. It is not, however, straightforward to extrapo-
late this result to a real membrane. Our model consisted
of a single ganglioside molecule per micelle, although

TABLE 6 Average '*C relaxation rates and dynamics parameters* for GD1a/DPC micelles in aqueous solution

Residue R, [s™1] R,[s™] NOE 7, [ns] 7, [ns] s?
GalNAc, NeuAc, Gal, Glc 2202 125+ 20 1.2+02 28+0.1 0 1
NeuAc’, Gal'* 23+02 71*10 1.6 £ 0.2 28 £ 0.1 0.34 £ 0.1 0.55 = 0.08

* Obtained by nonlinear least-squares optimization using Egs. 3-6. The relaxation data for the methylene carbons were not included in the analysis.

¥ With the exception of Gal’ C4.
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light-scattering experiments have shown that ganglio-
sides aggregate within a membrane (Corti, 1985; Cantu’
et al., 1990). Thus, the flexibility of the carbohydrate
headgroup may be restricted in the natural environment
(compare Jarrell et al., 1986; Winsborrow et al., 1992).
Nevertheless, it is likely to play a crucial role in the mem-
brane organization of the ganglioside molecules.
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