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Abstract

The conformational and dynamical features of a Le* tetrasaccharide analogue
GaINAc( a 1-3)Gal( B1-4)[Fuc{ «1-3)]Glc( BOMe) 1 have been studied through 'H NMR
relaxation measurements. The results indicate that the different glycosidic linkages of 1
present distinct conformational flexibility in solution. In addition, the use of T-ROESY
experiments in conformational analysis of oligosaccharides is explored emphasizing its scope

and limitations. © 1997 Elsevier Science Ltd.
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1. Introduction

The three-dimensional structure of carbohydrates
is of primary importance for their involvement in
biological recognition events [1,2]. There have been
many reports in the last few years on the extent and
nature of motion around the glycosidic linkages of
oligosaccharides [3a,3b], regarding the existence of
either constrained conformations [4] or conforma-
tional averaging [5] for different, or even the same,
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carbohydrate structures. At the present moment, it is
obvious that complete rigidity may be discarded.
However, the ways of looking at the concept of
flexibility are rather subjective and may range from
the consideration of small torsional oscillations around
a given conformer to the recognition of the simulta-
neous presence of two or more significantly different
geometries. Up to now, indication of internal motion
around glycosidic linkages has been directly obtained
in small sugars as sucrose [6] and in other saccharides
[3a,3b,7], and, very recently, evidence of the exis-
tence of flexibility in branched oligosaccharides has
also been reported [8]. Moreover, recent investiga-
tions have postulated that the rates of global and
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internal motions of small to medium-size carbo-
hydrates take place in similar timescales [3a,3b,4-9].

The conformation of the Le* oligosaccharide and
related structures has been a topic of interest during
the past few years due to their direct implication in
inflammatory and adhesion processes [10). The re-
ported results indicate that, in all the studied com-
pounds, the branched Le* trisaccharide moiety,
Gal( B1-4)[Fuc(a1-3)]GIcNAc, is rather rigid or just
presents limited torsional oscillations around the gly-
cosidic linkages [10]. It has been reported recently
that a related compound, namely, GalNAc(al-
3)Gal( B1-4)[Fuc(a1-3)IGlc( BOMe) 1, shows in-
hibitory activity against the proliferation of astrocytes
and transformed neural cell lines [11,12].

We now report on the application of 'H NMR
relaxation measurements to unequivocally charac-
terise that, in contrast with common belief, a Le*
tetrasaccharide analogue, 1, presents distinct confor-
mational flexibility for the different glycosidic link-
ages in soluation. In addition, we would like to stress
the use of T-ROESY experiments [13] as a direct and
useful tool in conformational analysis of oligosaccha-
rides, and we here emphasize its scope and limita-
tions depending on the molecular size (more pre-
cisely, global correlation time) of the oligosaccharide
molecule.

2. Results and discussion

Intra- and inter-residue NOEs were obtained for
the tetrasaccharide (Fig. 1) through 1D-NOESY (five
mixing times between 100 and 800 ms, Fig. 2),
ID-T-ROESY (four mixing times between 100 and
400 ms), and 1D-ROESY (four mixing times between
100 and 400 ms) experiments at 299 K and 500 MHz.
Cross-relaxation rates (Ogop, Orrops Onop) WeETE
obtained (see supplementary material) from these
measurements [6]. A first attempt to characterize the

HO OH
OH o HO o OHCH
3
HO AcNH
HO
o) OH
0.0
Om OCH;
OH o)
OH

1

Fig. 1. Schematic view of tetrasaccharide 1, showing the
atomic numbering.

presence of fast internal motions was performed by
obtaining  groe/OnoE> T1-ROE/ TNOE» aNd
Oroe/O1roe Tatios (Fig. 3), since they allow to
estimate specific correlation times [14] (Table 1) and,
thus, interproton distances. There are small but signif-
icant differences between these ratios. In all cases, it
can be observed that the obtained correlation times
for proton pairs belonging to either the Gal or the Glc
residues are higher than those within the Fuc and
GalNAc rings. Therefore, according to the experi-
mental results and, unexpectedly, the Fuc(a1-3)Glc
glycosidic linkage is as flexible as the terminal
GalNAc( «1-3)Gal analogue. The derived correlation
times were used to estimate ranges of experimental
distances which were compared to those deduced by
molecular mechanics calculations.

In a second step, a more quantitative approach was
performed by following a protocol based on that
described by Lommersee et al. [15] (see also the
experimental section). In this case, effective correla-
tion times for specific proton pairs were calculated
from the simultaneous evaluation of all (NOESY,
ROESY, T-ROESY) proton—proton relaxation data
obtained at 299 K. Interproton distances were esti-
mated from molecular mechanics calculations. A fit
of the experimental data to those calculated for dif-
ferent simplifications of the model-free approach de-
scribed by Lipari and Szabo [16] allowed estimation
of the relevant local correlation times. Intraresidue
proton pairs were first evaluated, since they are basi-
cally independent of the conformation around the
glycosidic linkages. The goodness of the fit was
evaluated by using a residual factor [17], R, (see
experimental section).

Two facts are evident from this analysis (Table 2):
In all cases, the residual factor, R, decreases with
increasing complexity of the spectral density func-
tion, thus indicating that the explicit consideration of
torsional flexibility around the glycosidic linkages
indeed increases the fit between theoretical and ob-
served data. Additionally, the obtained local correla-
tion times for proton pairs within the Glc or Gal rings
are always higher than those belonging to the Fuc or
GalNAc moieties. This fact is again an indication of
distinct flexibility for these two rings when compared
to the lactose [Gal( B1-4)Glc] moiety, as can also be
deduced from the more qualitative analysis described
before. Finally, the goodness of the fit was evaluated
for the interresidue proton pairs (Table 3). Again, and
as stated for the intraresidue proton pairs, the best fit
(smaller R,) is obtained when model III, with ex-
plicit consideration of different proton—proton local
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Fig. 2. Examples of selective one-dimensional (1D) experiments at 299 K to measure 500-MHz NOE effects for GalNAc
H-1. From top to bottom, (A) 1D-NOESY (300 ms), (B) 1D-ROESY (200 ms), (C) ID-T-ROESY (300 ms). The relevant
intraresidue H-2 and interresidue Gal H-3 and Gal H-4 enhancements are marked.

correlation times [15], is employed. Isotropic motion The existence of distinct flexibility for the differ-
was assumed in the analysis, since no major anisotro- ent glycosidic linkages of this tetrasaccharide is in
py is to be expected for this branched tetrasaccharide partial disagreement with previous results [10] for
[18]. several analogues of 1. The reported conclusions
Table 1

Relevant intra- and inter-residue proton-proton correlation times (7, ns) estimated at 299 K from ook, 0rogs Tnok,O1-ROE>
and Oggg,Or.Rop ratios. Estimated errors are smaller than 15%

Proton pair Correlation time Proton pair Correlation time
7. (ns) 7. (ns)

Intraresidue peaks

Gal H-1/Gal H-3 1450 GalNAc H-1/GalNAc H-2 1010
Gal H-1/Gal H-2 1450 Average GalNAc 1010
Gal H-1 /Gal H-5 1700 Fuc H-1/Fuc H-2 990
Average Gal 1550 Fuc H-5 /Fuc H-3 870
Glc H-1/Glc H-5 1400 Fuc H-1/Fuc H-5 830
Glc H-1/Glc H-3 1650 Fuc H-5 /Fuc H-4 950
Average Glc 1525 Average Fuc 890
Interresidue peaks

Gal H-1/Glc H-4 1400 Gal H-1/Glc H-6 1100
GalNAc H-1/Gal H-3 900 GalNAc H-1/Gal H-4 950
Fuc H-1/Glc H-3 950 Fuc H-1/Glc H-2 700

Fuc H-5/Gal H-2 850
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Table 2

Motional parameters for different residues of the tetrasac-
charide obtained at 299 K from least-squares fitting of the
500-MHz intraresidue experimental NOESY, ROESY, and
T-ROESY cross-relaxation rates. The following in-
traresidue proton pairs were used: Gal H-1/Gal H-2, Gal
H-1/Gal H-3, Gal H-1/Gal H-5, Glc H-1/Glc H-3, Glc
H-1/Glc H-5, GalNAc H-1/GalNAc H-2, Fuc H-1/ Fuc
H-2, Fuc H-1/ Fuc H-5, Fuc H-5/ Fuc H-3, and Fuc
H-5/ Fuc H-4

Residue  Model  Tyopy (PS)  Topecive (PS) R,
Gal I 1193 0.168
I 1548 0.048
Glc I 1318 0.048
GalNAc 1II 1101 0.048
Fuc I 968 0.048

were based mainly on the qualitative or semiquantita-
tive analysis of the Fuc H-2/Gal H-2 NOE. In
several cases, either hard-sphere or in-vacuo MD
simulations were also performed. With these calcula-
tions, a strong stabilising interaction between the
non-polar surfaces of the Fuc and Gal moieties is
evident. Apart from this fact, which obviously
overemphasises the existence of constrained confor-
mations, these stacked structures are also favoured
because of the heavy importance of the exo-anomeric
term in the corresponding force fields [10]. Neverthe-
less, it has to be mentioned that, very recently, a
Fuc( a1-3)GlcNAc glycosidic linkage within a gly-
copeptide [15] has also been shown to be rather
flexible, in agreement with our observations.

Regarding the use of T-ROESY experiments [13]
(see experimental part for details) for extracting con-
formational information on oligosaccharide struc-
tures, different conclusions may be inferred from the
dependence of o gzor With the global correlation
time and with the order parameter of the proton—pro-
ton vectors (Figs. 3 and 4).

Table 3
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Fig. 3. Plot of the variation of 500-MHz oyog /Ogros»
Onoe / Or.roe> 80 Ogop / Orrop Tatios with the correla-
tion time of the corresponding proton pair under considera-
tion. The results are independent of the models I-IV (see
text) employed.

It is true that the use of T-ROESY permits the
minimisation of the presence of spurious Hartmann—
Hahn artifacts [19], which are always of major con-
cern when ROESY spectra [20] of oligosaccharide
molecules are recorded. This is clearly a major goal
of this technique. Nevertheless, it has to be consid-
ered that o gop 18, in fact, a linear combination [13]
of ogoe and oyog. Therefore, for molecules larger
than that studied here (for instance, polysaccharides),
its absolute value will be significantly smaller than
that of opeg, due to the opposite signs of oo and
onoe and, thus, partial cancellation of both quanti-
ties. In those cases, much more spectrometer time
may be necessary to obtain an adequate signal /noise
ratio in T-ROESY experiments for quantitative pur-
poses. Nevertheless, for small and medium-size
oligosaccharides, the use of T-ROESY may be the
method of choice, as can be deduced from its correla-
tion time-dependence shown in Figs. 3 and 4. It can
be observed that the absolute value and the range of
variation of the o'yor/0r.rop ratio are higher than
that of the oyop/ORrog OnE, and seem particularly

Motional parameters for different interresidue proton pairs of the tetrasaccharide obtained at 299 K from least-squares fitting
of the 500-MHz experimental NOESY, ROESY, and T-ROESY cross-relaxation rates, and using the parameters derived for
the intraresidue proton pairs. Experimental and molecular mechanics (MM) estimated distances (A) are also given

Proton pair Model R, Distance,,, (A) Distance,y, (A)
Gal H-1/Glc H-4 I 0.393 2.2-24 2.5
Gal H-1/Glc H-6 m 0.235 2.8-3.0 2.8
GalNAc H-1/Gal H-3 I 0.235 2.6-2.8 2.6
GalNAc H-1/Gal H-4 I 0.235 24-2.6 25
Fuc H-1/Glc H-3 il 0.235 22-24 2.6
Fuc H-1/Glc H-2 11X 0.235 3.0-3.2 35
Fuc H-5/Gal H-2 I 0.235 2.6-2.8 26
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Fig. 4. Plot of the variation of 500-MHz oo / Orogs
OnoE / Or.roE> AN Ogop / Orpop Tatios with the correla-
tion time of the corresponding proton pair under considera-
tion under assumption of the Lipari—Szabo spectral density
function (model V). (a) Results for order parameter S? 0.9
and two fast internal correlation times of 5 and 100 ps are
shown. (b) Results for order parameter S? 0.7 and two fast
internal correlation times of 5 and 100 ps are shown. (c)
Results for order parameter S*> 0.5 and two fast internal
correlation times of 5 and 100 ps are shown.

suitable to derive correlation times around 1 ns,
typical for medium-size molecules. The use of the
inverse curve (i.e. the 01 gop/Tnop Tatio) may lead

to relevant errors in the region close to oy =0,
due to its hyperbolic behaviour. In addition, if the
relaxation measurements were performed at two dif-
ferent magnetic fields, i.e. 300 and 500 MHz, the
differences due to the magnetic field strength for
Onoe/ O1.roe  Tatios are much more evident than
those for oyor/ Or.rop ratios. Therefore, if only one
experiment must be chosen, T-ROESY seems to be at
least as adequate as ROESY for medium-size oligo-
saccharides. These conclusions are basically the same
when considering models I-IV on one hand, or model
V (regular Lipari—Szabo model-free approach) on the
other hand. In model V, there are significant differ-
ences in the oyop/Orrop ratio depending on the
timescale of the fast motions (5-100 ps). Although
also detectable, the variations of oo/ Ogop ratios
with the internal motion rates are much smaller. In
any case, when affordable, the use of two magnetic
fields [3a] is strongly advisable in order to extract
conclusions.

In conclusion, 'H NMR data have shown that the
glycosidic bonds of 1 in solution present distinct
flexibility, in contrast with previously reported results
for different analogues [10]. From a general point of
view, we have demonstrated that the simultaneous
recording of NOESY, T-ROESY, and ROESY spec-
tra provides a direct and relatively rapid method to
detect the presence of differential motions around the
glycosidic linkages of oligosaccharides. In addition,
we have shown that it is necessary to treat flexibility
in an explicit way in order to obtain a satisfactory
agreement between the observed and predicted data.
As proposed by Lommersee et al. [15], treatment of
internal motion is easily accomplished by using local
correlation times for every proton pair within the
molecule.

3. Experimental

Molecular mechanics.—Molecular mechanics cal-
culations were performed using the CVFF force field
[21] within the DISCOVER program of BIOSYM
technologies (San Diego, CA, USA). The chosen
structure was built using the @/ ¥ values reported
for the global minima of similar compounds [10] and
extensively minimized with conjugate gradients. In-
traresidue proton—proton distances were estimated
from this structure and employed to calculate the
intraresidue cross-relaxation rates. In addition, and
although the results should be treated as merely
qualitative the obtained interresidue distances were
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also measured and employed to calculate the corre-
sponding cross-relaxation rates.

NMR experiments.—NMR experiments were
recorded on a Varian Unity 500 spectrometer, using a
10 mmol soln of 1 in 3:1 D,0:Me,SO-d,. Selective
inversion 1D experiments were performed using the
DANTE-Z module [22]. In particular, 1D-NOESY,
1D-ROESY, and 1D-T-ROESY experiments were
carried out. NOESY experiments were recorded using
mixing times of 100, 200, 400, 600, and 800 ms.
ROESY and T-ROESY experiments used mixing
times of 100, 200, 300, and 400 ms. The rf carrier
frequency for ROESY was set at 6 6.0 ppm, and the
spin-locking field was 2.5 kHz. For T-ROESY the
carrier was set at the residual water frequency and the
spin-locking field was 8.5 kHz. Under these condi-
tions, O pop 1S the mean value of oyop and opeg
[13].

The theory under T-ROESY has been discussed by
Hwang and Shaka [13], but a brief explanation will
be given here: For an isolated pair of protons under
isotropic motion with overall correlation time 7, the
laboratory cross-relaxation rate is given by

ONoESY = (k2/10)70[6.](2a)) —J(0)].
On the other hand, the rotating frame cross-relaxation
rate is

ORroEsy = (kz/lO)'rc[ZJ(O) + 31(“’)]-

An undesirable characteristic of the ROESY exper-
iment is the possibility of net magnetization transfer
in J-coupled spin systems. This feature complicates
the interpretation of ROESY spectra. A modified
experiment, called transverse ROESY or just T-
ROESY has been proposed recently [13]. Several
spin-locking modules have been proposed, and one
such sequence consists on the repetitive application
of the simple phase-alternating pulse pair 180,180 _,.
Magnetization, initially along the y-axis, is spin-
locked on average, allowing measurable enhancement
to build up. Near resonance, the net rotation axis is
aligned along the y-axis of the rotating frame, and,
under these conditions, the apparent cross-relaxation
rate is given by

OT_ROESY = %[(1 + sin 6; sin Oj)O'ROESY
+cos 0, cos 6, O'NOESY].
If 6,, 8, — 0, for strong spin-locking fields,

=1
Or_roesy = 3(OroEsy T TnoEsy)

which means that this experiment measures the mean
of both cross-relaxation rates.

Thus, for large molecules,

= _1
ONoESY — ~ 2ORoEsY
and

Ot roBSY = T TROESY -

For small molecules, there is little difference be-
tween ROESY and T-ROESY peak intensities in any
event.

The experiments were carried out at 299 K.
Cross-relaxation rates [23] were obtained as described
[6). Estimated errors are better than 10%.

In a first step, assuming the spectral density func-
tions of models I-IV (see below), correlation times
were estimated from o ratios, after developing the
spectral density functions, J(n, w), in function of the
correlation time, 7,, and of the spectrometer fre-
quency, w,. The resultant quartic equation, which
exclusively depends on the correlation time of the
corresponding proton pair and on the spectrometer
frequency, was solved:

5+22 wgff + 80)31;“

2.2 _ 2.4
5+ wyr” — 4wy,

ONOESY

TROESY

The experimental NMR measurements were fitted
versus two different motional models based on the
Lipari—Szabo model-free approach [16], as described
by Lommersee et al. [15]. In particular, models I and
III were explored here, although all the reported
models [15] are described below.

Model I: Rigid isotropic motion, with only one
global correlation time.

Ty
1+ (an'o)2 '

Model II: The spectral density function is modified
by assuming different generalized order parameters
(S?) for every proton—proton pair. Thus, the global
correlation time accounts for the slow motions of the
molecule and S? for the fast internal motions around
the glycosidic linkages and/or the monosaccharide
rings (first term of the spectral density function within
the model-free approach).

J(w)=

J(w) = Sp—2
"1+ (wry)”

Model III: If the S} order parameters are not
available, it is possible to include fast internal mo-
tions by assuming different effective correlation times
for every proton pair.

Tetf

Je)= 1+ (wTeff)z .
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Model IV: Both S? and effective correlation times
are used for every proton pair.

Teff

J(w)=8§}——.
( ) ' 1+(w7eff)2

Model V: The regular Lipari-Szabo model-free
approach, where 7, represent a single effective corre-
lation time describing the internal motions.

S%r, (1-8%)7
1+ 07 1+ o0¥?

T= TOTe/(TO + Te)‘

When these spectral density functions are included
in the equations described above for oyopsy, Oropsy-
and Orgopsys theoretical NOE, ROE, and T-ROE
cross-relaxation rates may be calculated. A simple
algorithm was used for fitting the experimental data
to the different models. Models I and III were cho-
sen, since they do not require accurate order parame-
ters, and they can be used to evaluate the need for
distinct correlation times for the different proton pairs.
A target function R, was defined which represent
the deviation between the calculated relaxation data
and the experimental, with R, = 0 for an exact fit.

J(w)=

2 2
calc __ .exp calc __ . exp
(O'NOE, O'NOE,.) + (‘TROE,. O'ROE,.)
n calc — exp
E +(0'T-ROE,. O-T—ROE,»)
2 2 2
. exp exp exp
i=1 (O'NOE,.) + (O-ROE,») + (GT—ROE,)

The subscript i represent data for a particular proton
pair, and n is the total number of proton pairs with
available experimental data.

The fit to the experimental data was done in
independent runs for the intraresidue proton pairs
(since there are basically no errors in their corre-
sponding average distances), and for the interresidue
proton pairs. In this case, the fastest correlation time
of the two pyranoid rings involved in the glycosidic
linkage was chosen. All the calculations were per-
formed with home-made software which is available
from the authors upon request. For the proton experi-
ments, all the experimental cross-relaxation were used
as input, along with the average distances estimated
from the molecular mechanics calculations.

w
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