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Abstract

The structural analysis of protein-carbohydrate interactions is essential for the long-range aim to sort out entropic/
enthalpic factors in the binding process. Of conspicuous clinical interest, this work can also offer the perspective to
devise new classes of therapeuticals which interfere with disease-related glycan recognition. We have shown that
it is possible to use exchangeable hydroxyl protons of carbohydrate ligands as conformational sensors for defining
their bound-state topology by measurements in dimethyl sulfoxideqg (Siebert et al. (2000) ChemBioChem, 1, 181—
195). However, the proteins are required to maintain binding capacity in the aprotic solvent. To define conditions
to limit its harmful effect on sensitive protein structures while still being able to pick up solvent-exchangeable
hydroxyl signals we systematically tested binary solvent mixtures of dimethyl sulfoxide and acetone with water.
These solvent mixtures did not preclude to monitor hydroxyl protons of carbohydrate ligands even at temperatures
well above 0 °C. Notably, hydrogen bonding of the two tested disaccharides (Galp1-4Glco/p and Gala1-3Gala/p
or Gala1-3Galp1-OCH3z), which are common lectin ligands, resembled the situation under physiological condi-
tions. Also, a refined topological description for hydroxyl positioning could be achieved for Gala1-3Gal. At least
equally important, this approach worked for elucidation of the mistletoe-lectin-bound topology of lactose in its syn-
conformation with indication for formation of a characteristic interresidual hydrogen bond. These measurements
were performed in a binary dimethyl sulfoxidege:water mixture (6:4 ratio, v/v) at —12 °C and encourage to pursue
this line of investigation by monitoring in the course of stepwise temperature increases. Our experiments reveal that
binary mixtures have favorable properties for the conformational analysis of the free- and bound-state topologies
of bioactive ligands.

Introduction

Emerging terms such as glycomics or sugar code attest
the increasing interest in the structural and functional

*To whom correspondence should be addressed. E-mail:
hsiebert@lmu.de

TProf. Minch died during work on this study; the manuscript
written with his final scientific contributions is our mark of respect
and wholeheartedly dedicated to him.

analysis of glycan chains of cellular glycoconjugates
(Laine, 1997; Gabius, 2000; Hirabayashi and Kasai,
2000; Gabius et al., 2002). By serving as ligands
for tissue receptors (lectins) distinct glycan epitopes
are involved in eliciting or mediating important cell
activities such as regulation of proliferation/ apop-
tosis, cell-cell (matrix) interactions or host defense
reactions via innate immunity effectors and antigen
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uptake/processing (Gabius, 1997, 2001a, b; Kaltner
and Stierstorfer, 1998; André et al., 1999; Kopitz
etal., 2001; Dahms and Hancock, 2002; Danguy et al.,
2002; Kilpatrick, 2002a, b; Lu et al., 2002; Nagy
et al., 2002; Rabinovich et al., 2002; Weigel and Yik,
2002). Not surprisingly, pathogens also exploit such
determinants as specific docking sites to home in on
target cells (Lingwood, 1998; Mulvey et al., 2001).
The inherent perspective for medical applications by
rational design of lectin ligands calls for precise defin-
ition of the carbohydrates’ flexibility in solution. Thus,
the determination of bioactive conformations has be-
come a challenging task. Fittingly, NMR spectroscopy
has increasingly been applied to address these issues,
especially to describe bound-state conformations of
carbohydrate ligands (Carver, 1993; Gabius, 1998;
Poveda and Jiménez-Barbero, 1998; von der Lieth
et al., 1998; Jiménez-Barbero et al., 1999; Duus et al.,
2000; Imberty and Pérez, 2000; Riidiger et al., 2000).

Towards this end, interresidual transferred nuclear
Overhauser effects (trNOEs) provide important in-
formation on the relative positions of the pyranose
rings connected by a glycosidic bond. However, the
exchange of solvent-sensitive hydroxyl protons of-
ten limits this technique to monitoring C-H protons,
thereby reducing the precision of calculations of the
@, W-angles describing the glycosidic linkage. Three
lines of evidence have made it appealing to us to
consider a solvent change. Building on the pioneer-
ing study by Casu et al. (1966) to collect sharp
peaks of hydroxyl proton resonances from glucosides
in dimethyl sulfoxide (DMSO), the determination of
conformational aspects of the glycan chains of gly-
colipids in this solvent (Dabrowski et al., 1981, 1995,
1998; Yan et al., 1987; Dabrowski and Poppe, 1989)
and finally the intriguing experience with receptor-
proteins (Dalvit, 1998; Dalvit et al., 1999) and en-
zymes in organic solvents (Gupta, 1992; Liepinsh
and Otting, 1997; Klibanov, 2000, 2001; Mattos and
Ringe, 2001), it was tempting to answer the following
question: Will trNOE measurements be possible after
a solvent change to a polar aprotic medium?

Concerning the behavior of glycans in an aprotic
solvent, it was encouraging to note that in the case of
histo-blood group A and H determinants the oligosac-
charide conformation did not appear to be strongly
dependent on this parameter (Yan et al., 1987; Rao
and Bush, 1988). This property and the solubility of
glycolipids in organic solvents contributed to the pop-
ularity of this approach (Dabrowski and Poppe, 1989;

Table 1. Chemical shifts of ring protons of lactose [15 mM] in
binary DMSOqg: water mixtures at —12°C

25:75 ratio 63:37 ratio Positions of the
DMSOgg:water DMSOgg:water chem. shifts
(vIv) vv) in the
chem. shifts chem. shifts monosaccharide?
(ppm) (ppm) (ppm)
BGalH1 4.47 4.34 448
BGalH2 3.60 3.46 341
BGalH3 3.70 3.51 3.56
BGalH4 3.97 3.78 3.84
BGalHS — 3.68 3.61
BGalH6a — 3.80 3.70
BGalH6b — 3.61 3.62
BGIcHI 4.68 4.53 4.51
BGIcH2 3.30 3.16 3.13
BGIcH3 3.69 3.51 3.37
BGlcH4 — 3.79 3.30
BGIcHS — 3.46 3.35
BGlcH6a — 3.87 3.75
BGIcH6b — - 3.60
aGIcH1 543 5.10 5.09
aGlcH2  3.61 3.42 341
aGIcH3  3.82 3.72 3.61
aGlcH4 — 3.53 3.29
aGIcH5 3.94 3.84 3.72
aGlcH6a 3.91 3.79 3.63

4Bock and Thggersen, 1982; measured at 400 MHz in D,O at
23 °C with acetone as internal standard (2.16 ppm).

—: Not assigned due to signal overlap or extensive line-
broadening.

Poppe et al., 1990a, b; Siebert et al., 1992). Our recent
demonstration that lectins and carbohydrate-binding
immunoglobulins with a compact folding pattern re-
tain their binding activity and ligand affinity in DMSO
enabled to prove that hydroxyl protons of the car-
bohydrate ligand can serve as proper sensors for the
bound-state topology (Siebert et al., 2000). In the
course of this study, we also recognized in the case of
the small plant lectin hevein that a complete solvent
exchange could be detrimental to a lectin’s activity
(Siebert et al., 2000). It was thus reasonable to as-
sume that water/aprotic solvent mixtures might offer
a window of opportunity: To define a so far unknown
solvent/water ratio to exploit the benefit of using an
aprotic solvent for turning hydroxyl protons into sen-
sors and still maintain the protein-protecting water
properties.



Table 2. Chemical shifts of hydroxyl protons of lactose [15 mM]
at —12 °C and data sets for chemical shifts and coupling constants
of the corresponding monosaccharide signals?

63:37 ratio Positions of the J
DMSOgg:water chem. shifts
vIv) of the for the

monosaccharide? monosaccharide?®

measured

chem. shifts

(ppm) (ppm) (Hz)
BGalOH2 6.16 6.38 4.5
BGalOH3 5.69 5.99 6.0
BGalOH4 5.61 5.79 5.2
BGalOH6 5.96 6.16 5.0

BGIcOH1 7.63 - -
BGIcOH2 6.12 6.46 4.5
BGIcOH3 5.63 6.37 5.0

aGIcOH1 7.00 — -

aGlcOH2 5.77 6.15 6.5
aGIcOH3 5.45 6.28 5.0
aGIcOH6 5.53 5.92 5.0

4Adams and Lerner, 1994; measured in 2:1 ratio (v/v) acetoneyg:
water at 500 MHz and —23 °C.

—: Not determined due to signal overlap or extensive line-
broadening.

The focus of this study is to exploit the benefits
of adding an aprotic solvent to water without any risk
for the structural integrity of the receptor. In binary
mixtures some properties can not be explained from
a simple dilution process. For example, the lowering
of the freezing point of a 1:3 (v/v) DMSOQOq¢:water
mixture to —62°C, about 80°C below the freezing
point of pure DMSO, is due to not yet fully understood
cluster formation of two types of solvent molecules
(Singer, 1962; Vaisman and Berkowitz, 1992; Borin
and Skaf, 1999; Vishnyakov et al., 1999, 2000; Kirch-
ner and Reiher, 2002). Besides possibly favorable
effects on protein stability the physicochemical prop-
erty of our solvent mixture renders low-temperature
experiments possible, an alternative to work with su-
percooled solutions (Poppe and van Halbeek, 1991,
1994; Adams and Lerner, 1992, 1994; Sheng and van
Halbeek, 1995; Bekiroglu et al., 2000).

To approach the aim defined above, we first ex-
amined the properties of two binding partners for
sugar receptors (animal, bacterial and plant lectins/
immunoglobulins) free in solution, i.e., the disaccha-
rides Gala1-3Gal and lactose (Galp1-4Glc). Their '
NMR spectra were recorded in varying ratios of the
two solvent components. Temperature coefficients of

199

Table 3. Chemical shifts of the ring protons of lactose [15 mM]
in acetonege :water mixture at —12°C

15:85 ratio 2:8 ratio Positions of the
acetoneqq :water acetonegg:water chem. shifts
i) (v/v) in the
chem. shifts chem. shifts monosaccharide?
(ppm) (ppm) (ppm)
BGalHl 4.48 448 4.48
BGalH2 3.59 3.59 3.41
BGalH3 3.70 3.70 3.56
BGalH4 3.95 3.97 3.84
BGalHS — 3.77 3.61
BGalH6a — 391 3.70
BGalH6b — 3.86 3.62
BGIcHI 4.70 4.70 4.51
BGIcH2 3.31 3.32 3.13
BGIcH3 3.64 3.63 3.37
BGIcH4 3.69 3.69 3.30
BGIcHS — 3.69 3.35
BGlcH6a 3.99 3.98 3.75
BGIcH6b 3.86 3.86 3.60
aGIcH1 — 5.27 5.09
aGIcH2  3.60 3.59 3.41
aGIcH3 3.85 3.86 3.61
aGIcH4  3.70 3.70 3.29
aGIcH5S — 3.97 3.72
aGIcH6a 3.91 391 3.72
aGIcH6b — 3.77 3.63

4Bock and Thggersen, 1982; measured at 400 MHz in D,O at
23 °C with acetone as internal standard (2.16 ppm).

—: Not assigned due to signal overlap or extensive line-
broadening.

chemical shifts were determined to assess the extent of
involvement of hydroxyl protons in hydrogen bonding.
Actually, certain carbohydrates are prone to integrate
a solvent molecule into their hydrogen-bonding net-
work (Siebert et al., 2000, 2003; Vishnyakov et al.,
2000). Temperature variation was also performed to
explore whether or not increases in the exchange rate
of hydroxyl protons compromise the line-width of
the respective resonance signals. This factor might
preclude measurements in binary mixtures at temper-
atures above 0 °C. Our comparative analysis included
DMSOgqe, extending our previous study (Siebert et al.,
2000), and also acetone as aprotic part of the binary
mixtures. It resulted in measurable solvent-dependent
differences concerning rotational equilibria of distinct
hydroxyl groups. Monitoring of NOE contacts in-
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Table 4. Chemical shifts of the hydroxyl protons of lactose
[15 mM] in acetonegg :water mixture at —12 °C

15:85 ratio 2:8 ratio 66:34 ratio
acetonegg:water acetoneqg:water acetonegg:water
(v/v) i) (v/v)
chem. shifts chem. shifts chem. shifts
(ppm) (ppm) (ppm)
BGalOH2 6.63 6.61 6.38
BGalOH3 6.27 6.20 5.99
BGalOH4 6.13 6.01 5.79
BGalOH6 6.05 6.01 6.16
BGIcOH1 8.04 8.04 -
BGIcOH2 6.68 6.64 6.46
BGIcOH3 6.23 6.11 6.37
aGIcOH1 7.37 7.30 —
aGIlcOH2 6.29 6.26 6.15
aGIcOH3 6.02 6.00 6.28
aGIlcOH6 5.95 5.93 5.92

—: Not assigned due to signal overlap or extensive line-
broadening.

cluding hydroxyl proton resonances was performed to
evaluate whether the description of the free-state con-
formations is improved by this new aspect in the case
of the two model ligands. Remarkably, the experimen-
tal series enabled us to track down sharp hydroxyl res-
onances for a distinct water:DMSOQygg ratio even in the
temperature range above 0 °C. Because this result has
implications for studying protein-ligand complexes
we tested lactose as ligand. As model receptor, we
selected the plant lectin VAA (Viscum album L. agglu-
tinin) from mistletoe whose carbohydrate-dependent
enthalpically driven binding (Bharadwaj et al., 1999)
to cell surfaces triggers intracellular signaling and mi-
togenic responses in immune and tumor cells (Hajto
et al., 1990; Timoshenko et al., 1999, 2001; Gabius
et al., 2001; Gabius and Gabius, 2002). The ensuing
measurements of trNOE signals from lactose bound to
the o/p-galactoside-specific lectin VAA underscored
the actual potential which solvent mixtures offer for
adding new sensors in trNOE experiments to delineate
the bound-state conformation of a ligand.

Materials and methods

Materials

The disaccharides Galp1-4Glca/p, Gala1-3Gala/p and
Gala1-3Galp1-OCHj3 were obtained from Sigma (Mu-
nich, Germany). Acetonegs and DMSQOq¢ were pur-
chased from Merck, Sharp and Dohme (Montreal,
Canada). The a/B-galactoside-specific lectin from
aqueous extracts of dried mistletoe leaves was puri-
fied to electrophoretic homogeneity by affinity chro-
matography on lactosylated Sepharose 4B, prepared
after divinyl sulfone activation, and stored at —20°C
after lyophilization (Gabius, 1990; Kunze et al.,
2000). One- and two-dimensional gel electrophoretic
analysis, haemagglutination with trypsin-treated and
glutaraldehyde-fixed rabbit erythrocytes and solid-
phase assays with lactosylated neoglycoprotein or
asialofetuin as ligand served as quality control to rou-
tinely ascertain purity and activity (Kohnke-Godt and
Gabius, 1989; André et al., 1997, 2001).

NMR spectroscopy

750, 500 and 360 MHz 'H-NMR spectra were
recorded with Varian Unity 500, Bruker AM and
AMX 500 spectrometers at various temperatures and
at pH-values between 6 and 10.5. The lyophilized
disaccharides (Galp1-4Gala/B, Galal-3Gala/p and
Gala1-3GalB1-OCHj3) were dissolved in binary mix-
tures of water (HyO) with DMSQy4¢ and acetonegg, re-
spectively. Similarly, lyophilized mistletoe lectin was
dissolved in DMSOq46:H7O mixtures together with lac-
tose. Assignment of the chemical shifts of protons
of the two disaccharides was carried out by standard
NMR experiments (COSY, RCT, TOCSY, ROESY
and NOESY). The 2D ROESY measurements were
performed in order to obtain NOE values in the ro-
tating frame to determine the conformations of the
disaccharides in the tested solvents in the free state.
Lectin-bound conformations were delineated by 1D
and 2D trNOE (transferred Nuclear Overhauser Ef-
fect) experiments. To avoid calibration errors in the
ROESY experiments frequency-offset variation and a
distinct spin-lock pulse sequence were applied, as de-
scribed previously (Gilleron et al., 1998). Various mix-
ing times ranging from 20 to 200 ms or even at 300 and
400 ms were used for ROESY, NOESY and 1D trNOE
and 2D trNOESY (transferred NOESY) experiments.
Intra- and interresidual proton-proton distance ranges
were derived from cross-peak intensities and used for



distance mapping, as outlined elsewhere (Siebert et al.,
1992, 1996).

The effective temperatures for the measurements
were chosen between —12°C and 20 °C. Concentra-
tions of the two disaccharides in the range from 15 to
65 mM were tested for the free-state measurements in
the binary solutions. For the trNOESY experiments in
DMSOgqg:water (6:4 ratio, v/v) a lectin concentration
of 0.3 mM and a lactose concentration of 3 mM was
set following initial variations of the molar ratio.

Molecular models

Disaccharide models were constructed using the
SWEET-program  (http://www.dkfz-heidelberg.de/
spec/sweet2/doc/). Intra- and interresidual distances
between protons in selected pairs were calculated
with the WebLabViewer available free of charge at:
http://www.accelrys.com/viewer/

Results and discussion

Binary mixtures of water with either DMSOQOy¢ or
acetonegg readily dissolved Galp1-4Glca/p, Galal-
3Gala/p and Gala1-3Galp1-OCH;. 'H NMR spectra
were recorded for the two disaccharides at a constant
temperature (—12 °C) and a constant sugar concentra-
tion (15 mM). The solvent ratio in binary mixtures
containing water (H,O) and DMSOQg¢ or acetonege
was varied to figure out optimal conditions. As com-
piled in Tables 1-4 for lactose, the assignment of all
ring protons and, notably, all hydroxyl protons could
be completed in both solvent systems. For compari-
son we also list the chemical shifts of the Gal, fGlc
and aGlc monosaccharide ring protons in D,O (Bock
and Thggersen, 1982) and of the hydroxyl protons in
an acetonegg:water mixture (2:1 ratio, v/v) measured
at —23°C (Adams and Lerner, 1994) in Tables 1-3.
The alteration of the chemical environment in solvent
mixtures is reflected in changes of the shift positions.
The data in these tables also teach the lesson that
the extent of signal assignment is improved by de-
liberately testing different ratios of the two solvents.
To illustrate the shape of the signals, especially for
the hydroxyl resonances, Figure 1 provides an ex-
ample from the experiments with lactose. The only
exception to the otherwise sharp signal profile is the
BGIcOH1-proton in the DMSOge:water mixture (6:4
ratio, v/v). The rather small size of this signal is an
indication for an exchange process. Thus, the presence
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of water molecules in the mixture did not significantly
impair the possibility to measure hydroxyl signals of
the disaccharides.

To define their influence and optimal conditions
for structural analysis in a mixture we focused the
attention on the binary solvent system of water with
DMSOg¢ and evaluated the influence of water con-
tent on the resonance signals starting with the 37:63
ratio (water:DMSQyg, v/v) and increasing it step by
step. In this process, the ensuing alteration of a sec-
ond factor should not be neglected, Explicitly, line-
broadening also depends on the buffer concentration
of the aqueous part of the mixture. When using phos-
phate buffer, sharp signals only occur at a buffer
concentration markedly below 10 mM. As illustrated
in Figure 2, the spectrum with the given starting
concentration of water (buffer) is already in the op-
timal range for NMR analysis. Considering coupling
constants as quality control and source of structural
information, the solvent mixture exhibited favorable
properties. The coupling constant Jyy of BGIcOHI
could only be measured accurately (Jyg = 10 Hz)
in the mixture of 63:37 ratio (DMSQOgyg:water, v/v).
On the other hand, it is remarkable that despite in-
crease in water content up to a ratio of 75:25 ratio
(water:DMSOQyg, v/v) the hydroxyl proton resonances
from lactose could still be seen (Figure 2).

An analysis of the impact of the DMSOq¢ and the
lactose concentrations on the chemical shift values of
the lactose signals is presented in Table 5. For sig-
nal assignment it is essential to know that an increase
of the lactose and also of the DMSQOgg concentration
resulted in an upfield shift of the proton signals of
the hydroxyl groups. These concentration-dependent
effects are readily seen for example by comparison
of columns 1 and 2 or columns 1 and 6 of Table 5,
respectively. The chemical shifts compiled in Table 5
depended on the two tested parameters in a predictable
way. Regarding the concentration of the disaccharide
significant differences in the chemical shift positions
were detectable when comparing data obtained with
52 mM and 65.4 mM lactose (columns 1 and 2 of Ta-
ble 5) in a DMSOQgg:water mixture of 25:75 ratio (v/v).
Such an effect does not occur when performing the
measurements in pure solvents. Because solvent mix-
tures are characterized by interaction of the two types
of solvent molecules including the recently described
cluster formation between DMSQOg6/H>O molecules
(Singer, 1962; Vaisman and Berkowitz, 1992; Borin
and Skaf, 1999; Vishnyakov et al., 1999, 2000; Kirch-
ner and Reiher, 2001), this parameter might have a
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Acetone/ water : 20%/ 80 %

11.0 Hz BGlcOH1
8.0 7.5 . 6.5 6.0 ppm
DMSO/ water : 60%/ 40%
6.0 Hz
6.4Hz 3.5Hz
BGIcOH1
80 75 70 6.5 6.0 55 ppm

Figure 1. Relevant part (hydroxyl region) of a 1D TH-NMR spectrum of lactose in binary mixtures of acetonegq:HpO (2:8 ratio, v/v) — top —
or DMSOy4:H» O (6:4 ratio, v/v) — bottom-measured at 500 MHz and —12 °C. Signal splitting is indicated for possible peaks.

bearing on the measured NMR-spectroscopic data for
this disaccharide.

A factor which should be closely paid attention
to in the experiments reported here is the pH value.
Although we worked with charge-free carbohydrates,
the documented importance of sulfated and sialylated
glycans in cell adhesion and phosphorylated glycans
for intracellular routing, as reviewed recently (Gabius,
1997; Hooper et al., 1997; Angata and Brinkman-van
der Linden, 2002; Dahms and Hancock, 2002), will
make it desirable to run experiments also with charged
ligands. Thus, we next examined, if the pH will affect
the signal pattern of the spectra. Figure 3 indicates that
pH variations had a significant influence. At pH values
below 6 line-broadening effects are pronounced due
to exchange processes. The physiological pH range
appeared to establish optimal conditions. Also at pH
values above 8 signal broadening was significant.

The next parameter change concerned the temper-
ature. The experiments were performed to eventually
carry out trNOE measurements with receptors such as
lectins. For this application, the possibility of a tem-
perature increase into the range above water’s freezing
point would be welcome. Also, it would then no longer
be required to work with supercooled solutions of sac-
charides. Stepwise increases of the temperature from

—14.4 and 20°C led to an upfield shift of the ex-
changeable proton signals (Table 6, Table 7, Figure 4).
However, the signals can still be seen without sig-
nificant line-broadening effects at temperatures above
0°C (Figure 4). In this figure we also document the
line-splitting of aGlcOH2 and BGIcOH3 at different
temperatures. For comparison, the line-splitting of
these signals in the two monosaccharides is listed in
Table 2. Next, Table 8 shows the temperature depen-
dence of the half-width line-broadenings of selected
hydroxyl proton signals of lactose in DMSQOy¢:water
or acetoneqq: water mixtures. Our data indicate that the
half-width line-broadening is modulated when raising
the temperature. Temperature effects on the exchange
rate, viscosity of the mixture and/or mobility of the
saccharide can affect this process. Topological para-
meters of the disaccharide can be calculated to gauge
how access to these parameters might enable one to
refine the data of the disaccharide’s solution structure.
For this purpose, the NOE build-up was determined
between hydroxyl protons and spatially neighboring
protons. The results are listed in Table 9 (for a binary
DMSOyqg:water mixture of 6:4 ratio, v/v) and in Ta-
ble 10 (for an acetoneqs:water mixture of 2:8 ratio,
v/v). Tables 9 and 10 document that in the case of the
DMSOge:water mixture (6:4 ratio, v/v) mixing times
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« GIcOH1 BGalOH2 . !
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63 % DMSO R B - B_GalOH3
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60 % DMSO /
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T,

55 % DMSO Jk M/JLIJ
42 % DMSO JL M\N }k J\
29 % DMSO J}k
25 % DMSO JL

7.5 7.0 5 6.0 55 ppm

Figure 2. Relevant part of a 1D 'H-NMR spectrum of lactose in binary DMSOg44:H» O mixtures measured at 500 MHz and —12 °C at different

volume ratios of DMSOgg/water.

of up to 200 ms and in the case of acetonege:water
mixture (2:8 ratio, v/v) of up to 150 ms turned out to
be suitable for the NOE-based measurements without
significant distortions caused by spin diffusion.

In combination with the proton-proton coupling
constants Jgyg it was thus possible to delineate the
topology of the pendant groups in the free state. Dis-
tinct Jyy coupling constants of the non-exchangeable
protons were measured in both solvent mixtures as

reference, i.e., DMSQgg:water mixture (6:4 ratio, v/v)
and acetonegg:water mixture (2:8 ratio, v/v). As ex-
pected they were equal: BGIcH1: 7.3 Hz, BGIcH2:
6.8 Hz and pGalH1: 8.1 Hz. Coupling constants of
exchangeable protons were then assessed to sort out to
what extent this property helps structure analysis. The
hydroxyl-group signals were clearly visible in both
solvent mixtures. However, in the acetoneqq:water
mixture (2:8 ratio, v/v) they were not sufficiently



204

pH:10.3
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6.0 5.5
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Figure 3. Relevant part of a 1D TH-NMR spectrum of lactose in binary mixtures of DMSOg44:H7O (6:4 ratio, v/v) measured at 500 MHz and

—12°C at different pH values.

sharp to compare the coupling constants of the pen-
dant groups of lactose reliably under the different
conditions. In this context, the coupling constant of
BGIcOH1 is an exception. Its value was measured at
11 Hz in the acetonegg:water mixture (2:8 ratio, v/v)
(Figure 1) and at 10 Hz in the DMSQg¢:water mixture
(63:37 ratio, v/v).

The following step was to analyze the contribution
of this new information to the description of interpro-
ton distances and hydrogen-bond patterns of the disac-
charides. Comparison of the OH-H contacts of lactose
in the two solvent mixtures (DMSQgg:water (6:4 ratio,
v/v) and acetonege:water (2:8 ratio, v/v)), as compiled
in Tables 9 and 10, led to the following conclusion:
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+10°C
5.7 5.6 55 54 53 ppm
+2°C
N
5.7 56 55 54 53 ppm
-2°C
5.7 5.6 55 54 53 ppm
-6°C
57 56 55 54 53 ppm
BGalOH3
a GlcOH2 ”
5.7 56 55 5.4 53 ppm

Figure 4. Relevant part of a 1D TH-NMR spectrum of lactose in a binary mixture of DMSQOg46:H,O (6:4, v/v) measured at 500 MHz and
different temperatures. Signal splitting is indicated for the aGlcOH2 and BGlcOH3 peaks.

The measured average distances between PGIcOHI1-
BGIcHI (2.3 A) and BGIcOH1-BGIcH2 (2.8-2.9 A)
are nearly equal in both solvents. In addition to the
measured coupling constant of BGIcOH1 which has
similar size in both solvent mixtures (10 Hz in the
DMSOgqg:water mixture (63:37 ratio, v/v) and 11 Hz in
the acetonegg:water (2:8 ratio, v/v) mixture) the accor-
dance of the corresponding distances is a second indi-
cation that the orientation of the hydroxyl groups was
not markedly affected by the solvent change. It is also
remarkable that distance parameters were often not al-
tered, e.g., BGIcOH3-BGIcH4 (2.8 A/ 2.8 A), or only
slightly altered, e.g. BGIcOH2-BGIcH2 (2.7 A/ 2.9 A),
when changing the solvent (Tables 9 and 10). Whereas
these topological parameters were not or not strongly

dependent on the solvent properties, other distances
proved to be more sensitive to the conditions of the en-
vironment, i.e., BGalOH2-BGalH3 (2.4 A/3.0 A) and
BGalOH3-BGalH3 (2.4 A/2.8 A), as determined at a
mixing time of 100 ms (Tables 9 and 10). A likely
reason for this experimentally detected effect could be
found in different conformational preferences of the
BGalOH2- and BGalOH3-groups in the two solvent
mixtures, which will be discussed in connection with
hydrogen-bond formation.

In this context, it is further informative to relate
these data to the measured temperature coefficients.
The observed differences in the distance separating
certain OH—H contacts examined in the two sol-
vent mixtures are in line with the differences between
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Gal'lH6b

Gal'OH2

Figure 5. Molecular model of the conformation of Gal’a1-3Galp derived from the NOE data of the free-state disaccharide dissolved in a binary
mixture of DMSOg44:H,O (6:4 ratio, v/v). The measurable interresidual proton distances in which hydroxyl protons are involved are drawn
(----- ) and their values are given. The distance Gal’'OH2 — GalOH4 is also marked (—). Notably, the corresponding NOE was not detectable
in the DMSOgg:H; O (6:4 ratio, v/v) solvent mixture.

Table 5. Effects of volume ratio of DMSQOg¢ and concentration of lactose on positions of chemical
shifts of hydroxyl protons in binary DMSOqg:water mixtures at —12°C

Lactose 52/ 65.4/ 623/ 59.5/ 56.9/ 52.3/ 48.4/ 45.1/ 422/ 39.6/ 37.4/ 32.5/ 15/
(mM)/
DMSO 25 25 29.2 33 36.3 36.3 47.1 51.1 547 57.7 604 62.5 64.0
content

BGalOH2 6.63 6.51 6.48 645 643 638 633 628 634 620 6.16 6.12 6.07
BGalOH3 6.21 6.09 6.05 6.01 598 592 588 582 577 573 569 566 5.62
BGalOH6 6.03 6.17 6.16 6.14 6.12 6.10 6.07 6.04 6.01 599 596 593 5.89

BGIcOH1 8.03 7.92 7.89 786 7.84 7.80 7.76 7.72 7.69 7.66 7.63 7.60 7.57
BGIcOH2 6.64 6.51 649 645 643 638 633 628 621 6.17 6.12 6.08 6.03
BGIcOH3 6.11 6.01 598 595 592 587 581 577 572 5.67 563 560 5.54
BGIcOH6 590 5.88 5.85 582 582 579 577 574 564 561 5.6

aGIlcOHI 7.32 721 7.19 7.16 7.14 7.11 7.08 7.06 7.03 7.02 7.00 6.99 697
aGlcOH2 6.28 6.17 6.13 6.09 6.06 6.00 594 589 584 580 576 5.73 5.68
aGIcOH3 6.11 6.01 598 595 592 587 581 5.77 572 5.67 5.63 5.60 5.54
aGlcOH6 596 5.85 583 581 579 576 571 5.68 5.62 557 545 551 546
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Table 6. Chemical shifts of hydroxyl protons of lactose in a DMSOgyg:water mixture (6:4 ratio (v/v)) as a function of the temperature

Temperature PpGlcOH1 BGIcOH2 BGIcOH3 aGlcOH1 aGIcOH2 aGlcOH3 aGlcOH6 PGalOH2 BGalOH3 BGalOH4 BGalOH6
(°0)

—-12 7.60 6.09 5.69 6.99 5.76 5.51 5.49 6.13 5.93 5.60 5.60
—10 7.59 6.07 5.66 6.98 5.71 5.48 5.47 6.11 591 5.58 5.57
-8 7.57 6.05 5.63 6.97 5.69 5.47 5.46 6.10 5.90 5.56 5.56
—6 7.56 6.03 5.62 6.95 5.68 5.46 5.44 6.08 5.87 5.55 5.54
—4 7.54 6.01 5.60 6.94 5.66 5.44 5.42 6.06 5.85 5.53 5.52
-2 7.53 6.00 5.58 6.93 5.64 5.42 5.41 6.04 5.83 5.51 5.50
2 7.50 5.96 5.55 6.90 5.61 5.38 5.38 6.01 5.79 5.48 5.46
6 7.47 5.92 5.52 6.88 5.57 5.35 5.35 5.97 5.75 5.45 5.43
10 7.44 5.88 5.49 6.86 5.53 5.32 5.32 5.94 5.71 5.42 5.39
20 7.36 5.79 5.35 6.79 5.44 5.25 5.23 5.85 5.62 5.35 5.30
k 7.5 6.2 9.1 8.6 8.8 9.9 9.5 7.5 9.1 8.1 8.1

k: Temperature coefficient in —(ppm/K) x 1073,

Table 7. Chemical shifts of hydroxyl protons of lactose in a acetoneyq:water mixture (2:8 ratio (v/v)) as a function of the temperature

Temperature BGlcOH1 PGIcOH2 BGlcOH3 aGlcOH1 aGlcOH2 aGlcOH3 aGlcOH6 BGalOH2 PGalOH3 BGalOH4 BGalOH6
(°O)

—14.4 8.04 6.67 6.13 7.32 6.29 6.04 5.96 6.64 6.21 - 6.04
—11.9 8.01 6.64 6.11 7.30 6.26 6.00 5.93 6.61 6.20 6.01 6.01
-10 8.00 6.62 6.08 7.29 6.23 5.98 5.91 6.59 6.18 6.00 6.00
—8.1 7.98 6.57 6.06 7.27 6.21 5.95 5.88 6.56 6.15 5.97 5.97
—6 7.96 6.55 6.03 7.27 6.18 5.94 5.86 6.55 6.13 5.95 5.95
—4 7.94 6.53 6.01 7.23 6.16 5.91 5.84 6.53 6.11 5.93 5.93
-2 7.92 6.50 5.99 7.23 6.14 5.88 5.82 6.50 6.09 5.90 5.90

0.1 7.89 6.48 5.96 7.19 6.11 - - 6.48 6.07 5.88 -

2 7.88 6.46 5.94 7.18 6.10 — — 6.46 6.05 5.86 —

4 7.86 6.44 5.92 7.18 - - - 6.44 6.02 5.83 -

7.84 6.41 5.90 7.14 - - - 6.41 6.00 - -

8 7.82 6.39 5.87 7.12 — — — 6.39 5.98 - —

10 7.80 6.36 5.85 7.10 — — — 6.36 5.96 - —

k 9.7 9.0 12.4 11.2 11.5 10.3 11.6 11.4 11.1 12.7 10.9

k: Temperature coefficient in —(ppm/K) x 1073.
—: Not assigned due to signal overlap or extensive line-broadening.

Table 8. Half-width line-broadenings of selected lactose signals [Hz] measured in DMSOqq:water (6:4 ratio
(v/v)) or acetoneyq:water mixtures (2:8 ratio (v/v))

Temperature  BGlcOH3  aGIcOH2 pGalOH3 BGIcOH1  BGIcOH3  aGlcOH2  BGalOH3

(°C) DMSOgs DMSOgqe DMSOgq  acetonegq — acetonegg — acetoneqs — acetoneqq
—10 12.5 10.8 13.5 16.7 12.5 20.1 16.7
—6 10.8 11.8 12.7 16.9 12.4 23.4 17.2
-2 12.7 10.9 12.6 17.1 13.0 25.8 17.4
2 11.8 11.9 12.5 17.0 13.1 30.9 17.7
10 10.9 12.8 12.5 17.5 13.3 - 18.0

—: Not determined since the signal disappeared due to exchange effects.
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Table 9. NOE values and calculated interproton distances at various mixing times for lactose [15 mM]
in a binary DMSOgg:water mixture (6:4 ratio, v/v) at 500 MHz and —12°C

100ms  Dist. (A)  200ms  Dist. (A) 300ms 400 ms
(100 ms) (200 ms)

BGalH1/pGalH3 7.2 2.7 11.8 2.7 14.9 16.0
BGalH1/GlcH4 7.1 2.7 11.5 2.7 3.4 4.0
BGalOH2/BGalH2 223 22 33.6 23 377 29.6
BGalOH2/BGalH3 16.0 2.4 20.1 2.5 234 31.7
BGalOH2/BGalOH3 43 29 44 3.2 438 3.9
BGalOH3/BGalH2 9.9 2.6 16.7 25 20.2 19.4
BGalOH3/BGalH3 15.6 2.4 20.2 2.5 27.4 21.9
BGalOH3/BGalH5 3.6 3.0 7.7 29 8.6 7.0
BGalOH6/BGalH4 9.2 2.6 12.2 2.7 11.4 10.8
BGalOH6/BGalH6b 42 3.0 47 3.1 5.8 5.9
BGIcOH1/BGIcH1 21.3 2.3 29.8 23 29.6 28.8
BGIcOH1/BGIcH2 5.7 2.8 8.4 29 9.7 10.1
BGIcOH1/BGIcH3 2.9 3.1 - - 6.3 8.3
BGIcOH2/BGIcH1 24 3.2 29 3.4 3.6 -

BGIcOH2/BGIcH2 3.0 2.7 11.8 2.7 13.2 12.0
BGIcOH2/BGIcH3 4.0 3.0 6.5 3.0 9.3 5.4
BGIcOH3/BGIcH2 4.0 3.0 6.5 3.0 7.6 8.2
BGIcOH3/BGIcH3 16.7 2.3 21.9 2.4 28.2 29.7
BGIcOH3/BGIcH4 6.0 2.8 8.7 2.8 7.4 6.7
BGIcOH6/BGIcH6 45 29 6.6 3.0 6.9 7.0
aGlcOH1/aGIcH1 12.7 25 19.3 25 222 224
aGlcOH1/aGlcH5 42 3.0 5.7 3.0 8.0 6.6
aGlcOH3/aGIcH2 6.2 2.8 9.1 2.8 9.8 9.3
aGlcOH3/aGlcH3 52 29 53 3.1 6.4 6.6
aGlcOH3/aGlcH4 9.0 2.6 16.6 2.5 18.3 15.7
aGlcOH6/aGIcH5 - - 6.1 3.0 14.2 7.9
aGlcOH6/0GIcH6 13.8 2.4 21.0 25 224 20.6

—: Not detected due to an insufficient NOE response.

the temperature coefficients k calculated from the
ppm/K (chem. shift/ T) data derived for lactose in
DMSOgqg:water (6:4 ratio, v/v) or in acetonegg:water
(2:8 ratio, v/v) mixtures (Tables 6 and 7). The calcu-
lated k-values for lactose in DMSQgq¢:water (6:4 ratio,
v/v) were in general lower than the k-values for lac-
tose in acetoneqg:water (2:8 ratio, v/v). Assuming that
the strength of hydrogen bonds will be enhanced in
pure DMSOgg relative to that in water, the size of the
temperature coefficients k should increase by raising
the volume ratio of water in the mixture. It is thus
important to note that mixtures apparently have the
advantage to suppress hydrogen-bonding characteris-
tics for the disaccharide present in an aprotic solution

which can be considered as physiologically irrele-
vant or even misleading. The primary role of water
appears to be to disrupt intramolecular hydrogen bind-
ing, as theoretically inferred elsewhere (Kirschner and
Woods, 2001). In this respect, a graphic example has
been published: An intramolecular hydrogen bond for
OH3—O05 in methyl B-cellobiose could be seen in
DMSOye that was hardly detectable in HO-CH30D
(4:1, w/w) (Leeflang et al., 1992; Kroon et al., 1994).
By referring to data from the literature we can get
further information concerning a relationship between
the presence of water and the k values for lactose as
part of an oligosaccharide. In detail, the k-values of
the GalB1-4Glc part of the glycan chain of ganglioside
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Table 10. NOE values and calculated interproton distances at various mixing times for lactose
[15 mM] in a binary acetoneqq:water mixture (2:8 ratio, v/v) at 500 MHz and —12°C

100ms Dist. (A) 150ms Dist. (A) 200ms 300 ms
(100 ms) (150 ms)

pGalH1/BGlcH4 - - 0.53 2.6 1.43 2.64
pGalH1/pGalH6a - - 0.36 2.8 0.94 1.51
pGalH1/BGalH6b - - 0.42 2.8 1.60 2.88
BGalOH2/BGalH2  0.74 24 0.86 24 0.31 0.15
pGalOH2/BGalH3  0.21 3.0 0.24 3.0 0.54 0.72
BGalOH3/BGalH3  0.28 238 - - 0.66 0.73
BGalOH4/BGalH4  0.60 2.5 0.67 25 - 0.84
BGalH4/pGalH3 - - 0.66 25 - -

BGIcH1/BGlcH2 - - 0.67 25 0.51 1.07
BGIcH1/BGIcH3 0.47 2.6 - - 472 7.31
BGIcH1/BGIcH5 0.23 29 0.48 26 224 3.80
BGICOH1/BGIcH1  0.85 2.3 1.09 23 1.30 0.62
BGICOH1/BGIcH2  0.26 29 - - 0.26 0.37
BGICOH2/BGIcH2  0.22 29 0.44 2.7 0.47 0.70
BGIcOH3/BGIcH4  0.31 2.8 - - 0.33 0.52
BGIcH4/BGlcH2 - - 0.43 2.7 491 7.22
BGICOH6/BGIcH6a  0.21 3.0 - - 0.12 0.07
BGIcOH6/BGIcH6D — — - 0.28 2.9 - -

aGIcOH1/aGIcH5 ~ 0.22 29 - - 0.45 0.50

—: Not detected due to an insufficient NOE response.

GM3 in pure DMSQye (Siebert et al., 1992) revealed
that even the relatively large values between 4.2 and
5.8 are significantly below those presented in Tables 6
and 7. Temperature coefficients of OH-protons which
are involved in stable hydrogen bonds (see below) are
generally smaller than 2 (k < 2). This is only the case
for fGalOH2 (0.8) and BGIcOH3 (1.7) of the Galp1-
4Glc part of the GM3 ganglioside in pure DMSOg¢
(Siebert et al., 1992).

With regard to the topology of the glycosidic link-
age, the free-state conformations could readily be
attributed to the energy valley of the global minimum
on the basis of the detectable GalH1-GlcH4 contact
listed in Tables 9 and 10. Remarkably, this topology
equals that of the syn-state conformation of the Galf1-
4Glc-linkage in oligosaccharides, with dihedral angles
of the glycosidic linkage ® of about 60° and W of
about 0° in water (®: H1-C1-O-C2, ¥: C1-O-C2-H2)
(Breg et al., 1989; Gronberg et al., 1994; Asensio
and Jiménez-Barbero, 1995; Asensio et al., 1995a,
b, 1999; Espinosa et al., 1996, 1998; Casset et al.,
1997; Alonso-Plaza et al., 2001) and in pure DMSOy¢
(Dabrowski and Poppe, 1989; Acquotti et al., 1990;

Poppe et al., 1990a, b; Ejchart et al., 1992; Siebert
et al., 1992). The question arises as to whether there
are further detectable constraints with involvement of
hydroxyl protons, which are suitable for defining the
@, ¥ angles of the glycosidic linkage. Based on the
mentioned data obtained the hydrogen bond between
GlcOH3—GalOs in the lactose part of the GM3 gan-
glioside in pure DMSOye characterized by a small
coupling constant (3.1 Hz) and temperature coefficient
(1.7 [-(ppm/K) x 10737) (Siebert et al., 1992), might
be a possible candidate. In the DMSOgg:water mixture
(6:4 ratio, v/v), however, this constraint was signifi-
cantly weaker than in pure DMSOy¢ as indicated by
a coupling constant of 10 Hz and a temperature co-
efficient of 7.5 [—(ppm/K)xlO_3] (Table 6) for the
GlcOH3 proton, rendering it insufficient for improving
the quality of conformational description. Further-
more, the measurements question the relevance of this
contact under physiological conditions. While there
are cases with differences in the preferred orienta-
tions of hydroxyl protons when comparing lactose in
DMSOgg:water (6:4 ratio, v/v) and in acetoneyq:water
(2:8 ratio, v/v) (see Tables 9 and 10), it can be con-
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Figure 6. Relevant part of a 1D TH-NMR spectrum of Gal'al-3Gal in DMSOg44:H,O (6:4 ratio, v/v) measured at 500 MHz and various
temperatures.
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Figure 7. Relevant part of a 2D trNOESY spectrum of lactose in a binary mixture of DMSOgq:H,O (6:4 ratio, v/v) in the presence of VAA
measured at 500 MHz and —12 °C with a mixing time of 200 ms, showing intraresidual contacts involving hydroxyl protons.

cluded that no stable intramolecular hydrogen bond
is present in the tested mixtures. In summary, this
analysis of proton signals enabled to monitor hydroxyl
orientation in lactose. The new information failed to
significantly add precision to the determination of the
®/W-angles of the glycosidic bond beyond the already
given levels in this case. However, this result cannot
be generalized. An improvement was detectable in the
case of Gal'a1-3Gala/B and Gal'a1-3GaB1-OCHj3 (the
Gal’-labeling is used to distinguish between the two
Gal-residues). The chemical shifts of the proton res-
onances in the binary mixture of DMSQOq4¢ and water
(6:4 ratio, v/v) can be directly correlated with those
in pure DMSOy¢ solution, which we had reported
previously (Siebert et al., 2000).

For Gal'al-3Gala/f and Gal'al-3Galf1-OCHs,
too, k-values were calculated on the basis of our ex-
perimental data (Figure 6). The values are in the same
range as those obtained for lactose in a DMSQg¢:water
mixture (6:4 ratio, v/v), listed in Table 6. The k-value
determined for the GalOH1 proton of Gal’al-3Gal in
the temperature interval between —12 and 20°C is 7.2
[—(ppm/K) x 1073]. No evidence for the existence of
intra- and intermolecular hydrogen bonds was found
for Gal'a1-3Galp1-OCHj3 in this solvent mixture. To
complete the conformational analysis, the NOE val-
ues were measured (Table 11) and the calculated
interproton distances obtained for Gal'a1-3Gala/B or
Gal'a1-3Galp1-OCHj3 (also shown in Table 11) were
used to determine the dihedral angles of the preferred
orientations of distinct pendant groups.

Previously, we had found for this ligand of sugar
receptors how the quality of the topological descrip-
tion was refined by measurements in the aprotic sol-
vent for the ligand free in solution and bound to

Table 11. NOE values and calculated in-
terproton distances at the mixing time of
100 ms for Galal-3Gal [15 mM] in a bi-
nary DMSOgyg:water (6:4 ratio, v/v) mixture at
500 MHz and —12°C

100ms  Dist. (A)

aGalOH2/aGalH2 7.9 2.4
aGalOH2/aGalH3 7.5 24
aGalOH3/aGalH3 9.2 2.3
aGalOH3/aGalH2 2.5 2.9
aGalOH4/aGalH4 3.7 2.7
aGalOH4/aGalH2 1.9 3.0

aGalOH4/aGalOH6 9.8 2.3

BGalOH1/BGalH2 10.3 2.3

BGalOH1/BGalH2 4.9 2.6
BGalOH2/BGalH2 12.5 22
BGalOH2/8GalH3 7.0 2.4
BGalOH2/0GalH6b 1.9 3.0
BGalOH2/aGalH5 3.7 2.7
BGalOH4/aGalH1 0.9 3.4

human immunoglobulin G molecules (Siebert et al.,
2000). The interproton distance between Gal'OH2 and
GalOH4 of the Gal'al-3Gal linkage was determined
to be 3.1 A in pure DMSOy¢ solution (Siebert et al.,
2000). In the DMSOgq:water mixture (6:4 ratio, v/v)
this NOE contact could no longer be detected. The
corresponding interproton distance must therefore be
larger than 3.4 A. In this instance, the recruitment of
the otherwise elusive hydroxyl protons to this analysis
enabled an elaborate conformational description. Fig-
ure 5 illustrates the involvement of distinct hydroxyl
protons in interresidual contacts which are the new
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sensors for the conformational analysis of the Gal'a1-
3Gal linkage. Evidently, the Gal'H1-GalOH4 and the
Gal'H5-GalOH2 as well as the GalH6b-GalOH2 con-
tacts can be reconciled with the syn-state topology of
the Gal'al-3Gal linkage. The global minimum con-
formation of the glycosidic linkages was determined
with refined precision in a small area around (& =
—30, ¥ = —30). Molecular mechanics calculations
and molecular dynamics simulations as well as NMR
measurements in water and in an aprotic solvent had
indicated that this topology is the preferred low-energy
conformation in aqueous solution or in an aprotic sol-
vent (Lemieux et al., 1980; Hindsgaul et al., 1982;
Poppe et al., 1990b, 1991; Li et al., 1999; Siebert
et al., 2000; Corzana et al., 2002; Tempel et al., 2002).
Our previous study on this tumor- and xenoreactive
antibody fraction from human serum in pure DMSOgqg
and a recent crystallographic study on the plant lectin
GSI-B4, which share Galal-3Gal specificity (Dong
et al., 1995, 1997), had demonstrated that the syn-
state topology is selected for binding by these two
receptor proteins (Siebert et al., 2000; Tempel et al.,
2002). Regarding conformational analysis it is fur-
ther instructive to consider the GalNAcal-3GalNAc-
linkage. In this case a number of interresidual con-
tacts leading to NOEs in which an N-acetyl group is
involved play the role of the exchangeable hydroxyl
protons (Poppe et al., 1991). As this example attests,
the solvent mixture offers the possibility to pick up
new constraints for a refined topological analysis of
the free ligand.

Since the temperature could be raised considerably
above the freezing point without losing the informa-
tion from the hydroxyl protons of lactose (Tables 6, 7,
Figure 4), similar experiments were carried out with
Gal'a1-3Galo/B and Gal'a1-3Galp1-OCHj3. Actually,
it turned out to be possible to measure OH-proton sig-
nals for the Gal'a1-3Gal linkage in a DMSQqg:water
mixture not only at low temperatures (—12°C) but
also at temperatures above 0°C in the same quality
(Figure 6). With our method a temperature window
into the commonly set range from 20°— 40 °C for bio-
macromolecules has now been opened. It is interesting
to test whether it can be used to run meaningful trNOE
experiments with a lectin at various temperatures. Spe-
cial reasons can require to perform measurements at
lower temperatures. Due to unfavorable signal overlap
and desirable modulation of the exchange rate between
ligand and receptor to achieve the optimal trNOE con-
ditions NMR measurements had to be carried out at

5°C for the plant lectin concanavalin A (Sayers and
Prestegard, 2002).

In order to demonstrate the suitability of our ap-
proach using hydroxyl protons as sensors for the con-
formational analysis of the bound ligand by trNOESY
in mixtures of aprotic media and water, we chose
lactose and the mistletoe lectin (VAA) as model sys-
tem. Consequences of binding of lactose to the lectin
were analyzed in a DMSOgg:water mixture (6:4 ratio,
v/v). We were able to detect distinct trNOE signals at
—12°C (Figure 7). In view of our aim to recruit hy-
droxyl protons as additional sensors for a refined topo-
logical analysis of the ligand’s bound state the trNOE
signals involving GlcOH2 and GIcOH3 are of special
interest. This aspect of the bound ligand’s structure
provided information adding to our previous analy-
sis in DO (Gilleron et al., 1998). The experimental
access to the topological definition of the positions
of the two hydroxyl groups, as discussed in the next
paragraph, argued in favor of a mutual influence of the
binding process on these exchangeable Glc-protons
(for comparison to data obtained by chemical map-
ping with lactose derivatives such as O-methyl-bearing
ligands (Riidiger et al., 2000)).

Using the intraresidual trNOE signals (Figure 7),
the positioning of the two OH-groups from the BGlc-
residue could be determined and compared with that
of the free state. Most importantly, the GlcOH3 group
adopted a position in the bound state, which is in
agreement with formation of the GIcOH3- - -GalO5
hydrogen bond, discussed above. Its occurrence in our
binary mixtures is apparently restricted to the bound
state, as indicated by the comparison of the data in
pure DMSQOgy¢ with our results in the mixtures. By
the way, systematic measurements with P-lactoside
derivatives in DMSQgg or water had revealed that this
contact is not essential to let the disaccharide adopt its
low-energy syn-state conformation (Rivera-Sagredo
et al., 1991a, b; Fernandez and Jiménez-Barbero,
1993). When further examining the ligand’s groups
in the complex, the BGlc2OH-group orientation in the
bound state was fixed in a distinct way. Obviously, the
hydroxyl rotation was restricted after being accommo-
dated into the binding site. The derived information
on the bound-state structure especially of the men-
tioned hydroxyl groups is visualized in Figure 8. It
equals the syn-conformation, as likewise seen in pure
DMSOQyqg for the Gal’a1-3Gal linkage in the free state
and for the Gal’B1-3Gal linkage in the presence of
VAA at 30°C (Siebert et al., 2000). The interresid-
ual Gal'HI1-GalH3 and Gal'H1-GalH4 contacts had
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Figure 8. Molecular model of Galp1-4Glcf (lactose) derived from the NOE data of the VAA-bound disaccharide dissolved in a binary
DMSOg6:H, O mixture (6:4 ratio, v/v). The experimentally determined orientations of the hydroxyl protons GlcOH2 and GlcOH3 are shown.

also been detectable for both disaccharide linkages
(Gal’a1-3Gal and Gal’B1-3Gal) in a preliminary mon-
itoring with this lectin in a binary solvent mixture
containing water:DMSQOqe (6:4 ratio, v/v) (Siebert
et al., 2000). In the case of lactose, the measur-
able interresidual distance between Gal’'H1-GlcH4 of
about 2.7 A is indicative for a bound-state conforma-
tion reminiscent of the global minimum conformation
of the free state (Asensio et al., 1999; Alonso-Plaza
et al., 2001). The fact that VAA accommodated {-
galactosides in the syn-state in water (Alonso-Plaza
et al., 2001) proves that neither the ligand nor the
protein were subject to distortions of bioactive confor-
mations. This result underlines that NOE and trNOE
measurements in mixtures can characterize bioactive
conformations at a refined level relative to measure-
ments in water. It encourages to proceed to test our
strategy on lectin-carbohydrate complexes at higher
temperatures to define the upper temperature limit for
successful trNOE measurements. Similarly, the use of
mixtures may restrict the harmful effect of the aprotic
solvent on the binding capacity of small lectins such
as the tested plant protein hevein and carbohydrate-
binding peptides obtained by phage-display screening
(Siebert et al., 2000, 2002).

Conclusions

It was our aim to answer the question whether mix-
tures of water with an aprotic solvent could provide the
opportunity to recruit water-exchangeable hydroxyl
protons of the carbohydrate ligand as confomational
sensors while limiting any harmful effect of the aprotic
solvent to sensitive structural aspects of the reactants.
By variations of the disaccharide concentrations, of
the ratio between solvent and water, the pH value as
well as the temperature we defined suitable conditions
for conformational analysis of ligands free in solution.
The measured hydrogen bonding within each of the
two tested disaccharides in the solvent mixtures corre-
sponded to the data obtained under physiological con-
ditions. The example of the Gal'al-3Gal compound
underscored the potential for refinement of the de-
scription of conformational aspects by this approach.
Notably, it is suitable even at temperatures well above
0°C. To prove its usefulness for analyzing protein-
carbohydrate interactions, we documented binding of
lactose in the low-energy syn-state to a plant lectin,
being able to define hydroxyl group positioning with
refined precision. We conclude that binary solvent
mixtures harbor favorable properties for the NMR-
spectroscopic analysis of the bound-state topology of
a ligand in receptor-ligand complexes. Access to new
structural information can be helpful to guide ligand
synthesis to lowering the entropic penalty during bind-
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ing to the receptor protein, thereby improving the
property of carbohydrate ligands to target drugs, to
block cell adhesion or to localize receptor sites gly-
cohistochemically in diagnostic procedures (Gabius,
1988, 2001a; Riidiger et al., 2000; Yamazaki et al.,
2000; Camby et al., 2001).

Acknowledgements

We sincerely thank Prof Dr Janusz Dabrowski from
the Max-Planck-Institut fiir Medizinische Forschung
(Heidelberg, Germany) for insightful discussions lead-
ing to a refinement of the presentation. The generous
financial support from the EC Program Training and
Mobility in Research (ERBFMGECT-950032), from
the Euroworkshop conference program (BIOPATH)
and from the Wilhelm Sander-Stiftung (Munich, Ger-
many) is gratefully acknowledged. The 360, 500 and
750 MHz spectra were recorded at the SON NMR
Large Scale Facility in Utrecht (NL), which is funded
by the ‘Access to Research Infrastructures’ program of
the European Union (HPRI-CT-1999-00005).

References

Acquotti, D., Poppe, L., Dabrowski, J., von der Lieth, C.-W.,
Sonnino, S. and Tettamanti, G. (1990) J. Am. Chem. Soc., 112,
7772-7778.

Adams, B. and Lerner, L. (1992) J. Am. Chem. Soc., 114, 4827—
4829.

Adams, B. and Lerner, L. (1994) Magn. Res. Chem., 32, 225-230.

Alonso-Plaza, J.M., Canales, M.A., Jiménez, M., Roldan, J.L.,
Garcia-Herrero, A., Iturrino, L., Asensio, J.L., Cafada, F.J.,
Romero, A., Siebert, H.-C., André, S., Solis, D., Gabius, H.-
J. and Jiménez-Barbero, J. (2001) Biochim. Biophys. Acta, 1568,
225-236.

André, S., Kojima, S., Yamazaki, N., Fink, C., Kaltner, H., Kayser,
K. and Gabius, H.-J. (1999) J. Cancer Res. Clin. Oncol., 125,
461-474.

André, S., Pieters, R.J., Vrasidas, 1., Kaltner, H., Kuwabara, I., Liu,
E.-T., Liskamp, R.M.J. and Gabius, H.-J. (2001) ChemBioChem,
2, 822-830.

André, S., Unverzagt, C., Kojima, S., Dong, X., Fink, C., Kayser,
K. and Gabius, H.-J. (1997) Bioconjugate Chem., 8, 845-855.
Angata, T. and Brinkman-van der Linden, E.C.M. (2002) Biochim.

Biophys. Acta, 1572, 294-316.

Asensio, J.L. and Jiménez-Barbero, J. (1995) Biopolymers, 35, 55—
73.

Asensio, J.L., Canada, J. and Jiménez-Barbero, J. (1995a) Eur. J.
Biochem., 233, 618-630.

Asensio, J.L., Martin-Pastor, M. and Jiménez-Barbero, J. (1995b)
Int. J. Biol. Macromol., 17, 137-148.

Asensio, J.L., Espinosa, J.F., Dietrich, H., Canada, J., Schmidt, R.
R., Martin-Lomas, M., André, S., Gabius, H.-J. and Jiménez-
Barbero, J. (1999) J. Am. Chem. Soc., 121, 8995-9000.

Bekiroglu, S., Sandstrom, C., Norberg, T. and Kenne, L. (2000)
Carbohydr. Res., 328, 409-418.

Bharadwaj, S., Kaltner, H., Korchagina, E.Y., Bovin, N.V., Gabius,
H.-J. and Surolia, A. (1999) Biochim. Biophys. Acta, 1472, 191—
196.

Bock, K. and Thggersen, H. (1982) Annu. Rep. NMR Spectrosc., 13,
1-57.

Borin, L. A. and Skaf, M.S. (1999) J. Chem. Phys., 110, 6412-6420.

Breg, J., Kroon-Batenburg, L.M.J., Strecker, G., Montreuil, J. and
Vliegenthart, J.F.G. (1989) Eur. J. Biochem., 178, 727-739.

Camby, I., Decaestecker, C., Gordower, L., DeDecker, R., Kacem,
Y., Lemmers, A., Siebert, H.-C., Bovin, N.V., Wesseling, P.,
Danguy, A., Salmon, I., Gabius, H.-J. and Kiss, R. (2001) J.
Neuropathol. Exp. Neurol., 60, 75-84.

Carver, J.P. (1993) Pure Appl. Chem., 65, 763-770.

Casset, F., Imberty, A., Perez, S., Etzler, M.E., Paulsen, H. and
Peters, T. (1997) Eur. J. Biochem., 244, 242-250.

Casu, B., Reggiani, M., Gallo, G.G. and Vigevani, A. (1966)
Tetrahedron, 22, 3061-3083.

Corzana, F., Bettler, E., Hervé du Penhoat, C., Tyrtysh, T.V., Bovin,
N.V. and Imberty, A. (2002) Glycobiology, 12, 241-250.

Dabrowski, J. and Poppe, L. (1989) J. Am. Chem. Soc., 111, 1510—
1511.

Dabrowski, J., Grosskurth, H., Baust, C. and Nifant’ev, N.E. (1998)
J. Biomol. NMR, 12, 161-172.

Dabrowski, J., Hanfland, P., Egge, H. and Dabrowski, U. (1981)
Arch. Biochem. Biophys., 210, 405-411.

Dabrowski, J., Kozar, T., Grosskurth, H. and Nifant’ev, N.E. (1995)
J. Am. Chem. Soc., 117, 5534-5539.

Dahms, N.M. and Hancock, M.K. (2002) Biochim. Biophys. Acta,
1572, 317-340.

Dalvit, C. (1998) J. Biomol. NMR, 11, 437-444.

Dalvit, C., Floersheim, P., Zurini, M. and Widmer, A. (1999) J.
Biomol. NMR, 14, 23-32.

Danguy, A., Camby, I. and Kiss, R. (2002) Biochim. Biophys. Acta,
1572, 285-293.

Dong, X., Amselgruber, W.M., Kaltner, H., Gabius, H.-J. and
Sinowatz, F. (1995) Eur. J. Cell Biol., 68, 96—-101.

Dong, X., André, S., Hofer, B., Kayser, K. and Gabius, H.-J. (1997)
Int. J. Oncol., 10, 709-719.

Duus, J.O., Gotfredsen, C.H. and Bock, K. (2000) Chem. Rev., 100,
45894614,

Ejchart, A., Dabrowski, J. and von der Lieth, C.-W. (1992) Magn.
Reson. Chem., 30, 105-114.

Espinosa, J.F., Asensio, J.L., Cafada, J., Martin-Pastor, M.,
Dietrich, H., Martin-Lomas, M., Schmidt, R.R. and Jiménez-
Barbero, J. (1996) J. Am. Chem. Soc., 118, 10862-10871.

Espinosa, J.F., Montero, E., Garcia, J.L., Dietrich, H., Schmidt,
R.R., Martin-Lomas, M., Imberty, A., Cafiada, J. and Jiménez-
Barbero, J. (1998) J. Am. Chem. Soc., 120, 1309-1316.

Fernandez, P. and Jiménez-Barbero, J. (1993) Carbohydr. Res., 248,
15-36.

Gabius, H.-J. (1988) Angew. Chem. Int. Ed., 27, 1267-1276.

Gabius, H.-J. (1990) Anal. Biochem., 189, 91-94.

Gabius, H.-J. (1997) Eur. J. Biochem., 243, 543-576.

Gabius, H.-J. (1998) Pharmaceut. Res., 15, 23-30.

Gabius, H.-J. (2000) Naturwissenschaften, 87, 108—121.

Gabius, H.-J. (2001a) Anat. Histol. Embryol., 30, 3-31.

Gabius, H.-J. (2001b) Biochimie, 83, 659-666.

Gabius, H.-J., André, S., Kaltner, H. and Siebert, H.-C. (2002)
Biochim. Biophys. Acta, 1572, 165-177.

Gabius, H.-J., Darro, F., Remmelink, M., André, S., Kopitz, J.,
Danguy, A., Gabius, S., Salmon, 1. and Kiss, R. (2001) Cancer
Invest., 19, 114-126.



Gabius, S. and Gabius, H.-J. (2002) Dtsch. Med. Wschr., 127, 457
459.

Gilleron, M., Siebert, H.-C., Kaltner, H., von der Lieth, C.-W.,
Kozir, T., Halkes, K. M., Korchagina, E.Y., Bovin, N.V., Gabius,
H.-J. and Vliegenthart, J.E.G. (1998) Eur. J. Biochem., 252,
416-427.

Gronberg, G., Nilsson, U., Bock, K. and Magnusson, G. (1994)
Carbohydr. Res., 257, 35-54.

Gupta, M.N. (1992) Eur. J. Biochem., 203, 25-32.

Hajto, T., Hostanska, K., Frei, K., Rordorf, C. and Gabius, H.-J.
(1990) Cancer Res., 50, 3322-3326.

Hindsgaul, O., Norberg, T., Le Pendu, J. and Lemieux, R.U. (1982)
Carbohydr. Res., 109, 109-142.

Hirabayashi, J. and Kasai, K.-i. (2000) Trends Glycosci. Glycotech-
nol., 12, 1-5.

Hooper, L.V., Manzella, S.M. and Baenziger, J.U. (1997) In
Gabius, H.-J. and Gabius, S. (eds.), Glycosciences: Status and
Perspectives, Chapman & Hall, Weinheim, 261-276.

Imberty, A. and Pérez, S. (2000) Chem. Rev., 100, 4567-4588.

Jiménez-Barbero, J., Asensio, J.L., Cafiada, F.J. and Poveda, A.
(1999) Curr. Opin. Struct. Biol., 9, 549-555.

Kaltner, H. and Stierstorfer, B. (1998) Acta Anat., 161, 162—179.

Kilpatrick, D.C. (2002a) Biochim. Biophys. Acta, 1572, 187-197.

Kilpatrick, D.C. (2002b) Biochim. Biophys. Acta, 1572, 401-413.

Kirchner, B. and Reiher, M. (2002) J. Am. Chem. Soc., 124, 6206—
6215.

Kirschner, K.N. and Woods, R.J. (2001) Proc. Natl. Acad. Sci. USA,
98, 10541-10545.

Klibanov, A.M. (2000) Trends Biotechnol., 18, 85-86.

Klibanov, A.M. (2001) Nature, 409, 241-246.

Kohnke-Godt, B. and Gabius, H.-J. (1989) Biochemistry, 28, 6531—
6538.

Kopitz, J., von Reitzenstein, C., André, S., Kaltner, H., Uhl, J.,
Ehemann, V., Cantz, M. and Gabius, H.-J. (2001) J. Biol. Chem.,
276, 35917-35923.

Kroon, J., Kroon-Batenburg, L.M.J., Leeflang, B.R. and Vliegen-
thart, J.E.G. (1994) J. Mol. Struct., 322, 27-31.

Kunze, E., Schulz, H., Adamek, M. and Gabius, H.-J. (2000) J.
Cancer Res. Clin. Oncol., 126, 125-138.

Laine, R.A. (1997) In Gabius, H.-J. and Gabius, S. (eds.), Glyco-
sciences: Status and Perspectives, Chapman & Hall, Weinheim,
1-14.

Leeflang, B.R., Kroon-Batenburg, L.M.J., van Eyck, B.P., Kroon, J.
and Vliegenthart, J.F.G. (1992) Carbohydr. Res., 230, 41-61.
Lemieux, R.U., Bock, K., Delbaere, L.T.J., Koto, S. and Rao, V.S.R.

(1980) Can. J. Chem., 58, 631-653.

Li, J., Ksebati, M.B., Zhang, W., Guo, Z., Wang, J., Yu, L., Fang, J.
and Wang, P.G. (1999) Carbohydr. Res., 315, 76-88.

Liepinsh, E. and Otting, G. (1997) Nat. Biotechnol., 15, 264-268.

Lingwood, C.A. (1998) Curr. Opin. Chem. Biol., 2, 695-700.

Lu, J., Teh, C., Kishore, U. and Reid, K.B.M. (2002) Biochim.
Biophys. Acta, 1572, 378-400.

Mattos, C. and Ringe, D. (2001) Curr. Opin. Biotechnol., 11, 761—
764.

Mulvey, G., Kitov, P.I., Marcato, P., Bundle, D.R. and Armstrong,
G.D. (2001) Biochimie, 83, 841-847.

Nagy, N., Bronckart, Y., Camby, I., Legendre, H., Lahm, H., Kalt-
ner, H., Hadari, Y., Van Ham, P., Yeaton, P., Pector, J.-C., Zick,
Y., Salmon, L., Danguy, A., Kiss, R. and Gabius, H.-J. (2002)
Gut, 50, 392-401.

Poppe, L. and van Halbeek, H. (1991) J. Am. Chem. Soc., 113, 363—
365.

Poppe, L. and van Halbeek, H. (1994) Nat. Struct. Biol., 1, 215-216.

215

Poppe, L., von der Lieth, C.-W. and Dabrowski, J. (1990a) J. Am.
Chem. Soc., 112, 7762-7771.

Poppe, L., Dabrowski, J., von der Lieth, C.-W., Koike, K. and
Ogawa, T. (1990b) Eur. J. Biochem., 189, 313-325.

Poppe, L., Dabrowski, J. and von der Lieth, C.-W. (1991) Biochem.
Biophys. Res. Commun., 174, 1169-1175.

Poveda, A. and Jiménez-Barbero, J. (1998) Chem. Soc. Rev., 27,
133-143.

Rabinovich, G.A., Rubinstein, N. and Toscano, M. (2002) Biochim.
Biophys. Acta, 1572, 274-284.

Rao, B.N.N. and Bush, C.A. (1988) Carbohydr. Res., 180, 111-128.

Rivero-Sagredo, A., Jiménez-Barbero, J. and Martin-Lomas, M.
(1991a) Carbohydr. Res., 221, 37-47.

Rivero-Sagredo, A., Solis, D., Diaz-Maurifio, T., Jiménez-Barbero,
J. and Martin-Lomas, M. (1991b) Eur. J. Biochem., 197, 217—
228.

Riidiger, H., Siebert, H.-C., Solis, D., Jiménez-Barbero, J., Romero,
A., von der Lieth, C.-W., Diaz-Maurifio, T. and Gabius, H.-J.
(2000) Curr. Med. Chem., 7, 389-416.

Sayers, E.W. and Prestegard, J.H. (2002) Biophys. J., 82, 2683—
2699.

Sheng, S. and van Halbeek, H. (1995) Biochem. Biophys. Res.
Commun., 215, 504-510.

Siebert, H.-C., André, S., Asensio, J.L., Cafiada, F.J., Dong, X.,
Espinosa, J.F., Frank, M., Gilleron, M., Kaltner, H., Kozar, T.,
Bovin, N.V,, von der Lieth, C.-W., Vliegenthart, J.F.G., Jiménez-
Barbero, J. and Gabius, H.-J. (2000) ChemBioChem, 1, 181-195.

Siebert, H.-C., Frank, M., von der Lieth, C.-W., Jiménez-Barbero,
J. and Gabius, H.-J. (2003) In Jiménez-Barbero, J. and Peters,
T. (eds.), NMR Spectroscopy of Glycoconjugates, Wiley-VCH,
Weinheim, 39-57.

Siebert, H.-C., Gilleron, M., Kaltner, H., von der Lieth, C.-W.,
Kozér, T., Bovin, N.V., Korchagina, E.Y., Vliegenthart, J.F.G.
and Gabius, H.-J. (1996) Biochem. Biophys. Res. Commun., 219,
205-212.

Siebert, H.-C., Lii, S.-Y., Frank, M., Kramer, J., Wechselberger, R.,
Joosten, J., André, S., Rittenhouse-Olson, K., Roy, R., von der
Lieth, C.-W., Kaptein, R., Vliegenthart, J.F.G., Heck, A.J.R. and
Gabius H.-J. (2002) Biochemistry, 41, 9707-9717.

Siebert, H.-C., Reuter, G., Schauer, R., von der Lieth, C.-W. and
Dabrowski, J. (1992) Biochemistry, 31, 6962—-6971.

Singer, S.J. (1962) Adv. Protein Chem., 17, 1-68.

Tempel, W., Tschampel, S. and Woods, R.J. (2002) J. Biol. Chem.,
2717, 6615-6621.

Timoshenko, A.V., Gorudko, 1.V., Kaltner, H. and Gabius, H.-J.
(1999) Mol. Cell. Biochem., 197, 137-145.

Timoschenko, A.V., Lan, Y., Gabius, H.-J. and Lala, P.K. (2001)
Eur. J. Cancer, 37, 1910-1920.

Vaisman, I.-I. and Berkowitz, M.L. (1992) J. Am. Chem. Soc., 114,
7889-7896.

Vishnyakov, A., Widmalm, G., Kowalewski, I. and Laaksonen, A.
(1999) J. Am. Chem. Soc., 121, 5403-5412.

Vishnyakov, A., Widmalm, G. and Laaksonen, A. (2000) Angew.
Chem. Int. Ed., 39, 140-142.

von der Lieth, C.-W., Siebert, H.-C., Kozar, T., Burchert, M., Frank,
M., Gilleron, M., Kaltner, H., Kayser, G., Tajkhorshid, E., Bovin,
N.V., Vliegenthart, J.F.G. and Gabius, H.-J. (1998) Acta Anat.,
161, 91-109.

Weigel, P.H. and Yik, J.H.N. (2002) Biochim. Biophys. Acta, 1572,
341-363.

Yamazaki, N., Kojima, S., Bovin, N. V., André, S., Gabius, S. and
Gabius, H.-J. (2000) Adv. Drug Deliv. Rev., 43, 225-244.

Yan, Z.-Y., Rao, B.N.N. and Bush, C.A. (1987) J. Am. Chem. Soc.,
109, 7663-7669.



