COMMUNICATIONS

Polyvalence-
Generated
Synergy Effects

While the LewisX
trisaccharide shows no
affinity for calcium ions, the
dimeric complex is a model
\ for calcium-binding, neutral
carbohydrates on cell surfaces.

Find out more
on the following pages.
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Calcium-Dependent Carbohydrate —
Carbohydrate Recognition between Lewis*®
Blood Group Antigens**

Armin Geyer,* Christian Gege, and
Richard R. Schmidt*

Dedicated to Professor Horst Kessler
on the occasion of his 60th birthday

Lewis® (LeX) is the terminal trisaccharide moiety of
numerous cell-surface glycolipids and glycoproteins which
are involved in selectin-mediated cell-cell adhesion and
recognition processes.l!l In addition to protein —carbohydrate
binding, there are adhesive forces between cells which are
based on direct carbohydrate — carbohydrate interactions, for
instance on homophilic LeX - LeX binding.’ Molecular details
of the homophilic recognition between neutral carbohydrate
moieties are incompletely understood because of chemical
complexity of the cell membrane. Ligand-receptor com-
plexes with weak affinity constants between singular entities
(K, values in the mwm™! range) multiply to polyvalent
intercellular adhesive forces of high affinity.l’! The exper-
imental characterization of the synergistic multiplication of
weak carbohydrate —carbohydrate affinities to considerable
intercellular forces is an analytical challenge. Protein-medi-
ated binding and charge effects must be excluded; separation
of membrane components can even be induced by their
differing phase transition properties.

The cation-dependent clustering of membrane-anchored
sialylated,® and also neutral,l®! Lewis glycolipids has been
described. However, in isotropic solution, no self-assembly of
LeX glycoconjugates or significant metal complexation was
detectable.[! The very weak calcium affinity of the neutral
LeX oligosaccharides obviously requires their tethering to a
lipid bilayer in order to make clustering detectable.l’l Yet,
conformational details of the LeX clusters could not be
determined until now.

We describe here how we have mimicked the preorienta-
tion of LeX moieties with a flexible spacer between two LeX
trisaccharides. Six rotatable bonds permit several relative
orientations of the LeX moieties. In the presence of calcium, a
single mode of self-assembly was observed by NMR spectros-
copy and for the first time conformational details of a LeX
cluster were quantified. The cooperative calcium complex-
ation of a simple LeX cluster contrasts the ion-binding
behaviour of other carbohydrate clusters.

Mono- and oligosaccharides, such as the methyl lactoside 1
(Scheme 1), have a weak calcium affinity. The lactose
moieties of 2 are kept in close vicinity by the methylene
spacer but no sterical restrictions force the disaccharide
moieties of 2 into a prearranged conformation. The two

[*] Dr. A. Geyer, Prof. Dr. R. R. Schmidt, Dipl.-Chem. C. Gege
Fachbereich Chemie M716 der Universitdt Konstanz
78457 Konstanz (Germany)
Fax: (+49)7531-88-3898
E-mail: armin.geyer@uni-konstanz.de

[**] This research was supported by the Deutsche Forschungsgemeinschaft
and the Fonds der Chemischen Industrie.

3246 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

OH
o Ho OMe
HO o (o]
OH
O
>
OH OH OH o
OH OH
HO OH HO OH
1 2

¢ OH OH c OH o
HO o O a HO o O a
on® 9 o’ 7
AcHN AcHN
HO HO
Me o OMe Me o OMe
OH =7 OH
OH
HO b HO b
3 4
Scheme 1. Two methyl lactosides 1 were covalently tethered in the bis-
disaccharide 2. Similarly, two LeX trisaccharides 3 lead to the bis-
trisaccharide 4. The methylene spacers in 2 and 4 keep the homotopic
moieties in close vicinity without restraining their relative orientations. a=
N-acetylglucosamine, b =fucose, ¢ = galactose.

covalently tethered lactoses 2 have an affinity for calcium ions
with a complex formation constant K, of §M~.! The K, value
is 7mM~! for the monomeric lactoside 1. The affinity of the
bis-disaccharide 2 for calcium equals to the affinity of
disaccharide 1 for calcium ions; therefore, the average affinity
per lactose is divided by approximately two (Figure 1).
Lactose lacks any cooperativity for calcium binding and the
affinity of the bivalent receptor 2 is much lower than the
multiplied monomeric affinities (K < Kinono Kmono; AGhi >
AG om0 + AGono), thereby avoiding the accumulation of
cationic charges. Although crystal structures with selective
coordination of lactose to calcium salts are known,'”! lactose
binds calcium only weakly in isotropic solution.
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Figure 1. Scatchard plots® of 1 (0), 2 (@), 3 (0), and 4 (m). The fraction of
complexed carbohydrate (v) is plotted against the ratio of v/I ({=con-
centration of uncomplexed calcium ions). The affinity constant K, [M~'] is
obtained from the y axis by linear extrapolation to » = 0. Only compound 4
yields a straight line, with an affinity constant of K,=55m"!. Secondary
binding sites are populated at high concentrations of calcium ions and a
reduced slope is observed at v > 0.7. Weak affinities below K,=10m"! are
slightly overestimated because full complexation (v=1) is not reached
without secondary effects playing a dominant role.

1433-7851/00/3918-3246 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 18



COMMUNICATIONS

The LeX trisaccharide 3 behaves differently. The calcium
affinity of 3, which is weak in methanol (K,=6M™!) and not
detectable in water, multiplies to one of the highest affinities
measured for a neutral oligosaccharide!'! when two LeX
trisaccharides are covalently linked through O6 of N-acetyl-
glucosamine (4, K, =557, Figure 2). The affinity of 4 as a
receptor for calcium ions is even detectable in water (K,=5-
10Mm71). The LeX trisaccharide moieties cooperatively assem-
ble and form a new receptor site with a significantly enhanced
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Figure 2. The chemical shifts ("H NMR spectroscopy) of 4 in [D,]Jmethanol
are plotted against the amount of calcium chloride added. A strong
chemical shift dependence of the proton resonances is observed below ten
equivalents of calcium chloride. The complexation of calcium freezes the
conformational equilibrium of the trisaccharide moieties of 4, and all
chemical shifts show calcium dependence. The conformational effect of the
calcium complexation causes a highfield shift for 1c-H which is inverted at
higher calcium levels due to the nonselective binding of calcium to 4. All
curves, except for the solvent resonance, show a double exponential
dependence on the calcium concentration.

affinity for calcium ions (K> Kono Kmono)- The two LeX
trisaccharides show this cooperativity of calcium binding in
isotropic solution and this allows proof to be obtained
spectroscopically for the existence of homophilic carbohy-
drate — carbohydrate recognition.['”

The solution structure of 4 was investigated by NMR
spectroscopy.l¥l As expected for a flexible spacer, no NOE
contacts are visible between the homotopic trisaccharide
moieties of 4 in the absence of calcium ions. The trisaccharide
moieties are separated by six single bonds and the NOE cross-
signal intensities resemble the intensities of 3. These six single
bonds become constrained in the calcium complex of 4. The
ROESY!M spectrum of the calcium complex of 4 exhibits new
NOE contacts (Figure 3). The additional NOE contacts prove
the self-assembly of the homotopic trisaccharide moieties into
a defined receptor conformation. The high on- and off-rates of
calcium-ion complexation!™ average the expected hexasac-
charide signal set to a trisaccharide signal set which contains
the additional NOE results. The NOE contacts are caused by
average proton —proton distances of less than four angstroms
and indicate hydrophobic contacts between the two trisac-
charide units of 4. They were quantified according to the two-
spin approximation:('*! 2a-H-2c-H (approximately 3.0 A),
la-H-6b-CH; (approximately 3.2 A), and 6b-CH,-2a-
COCH, (approximately 3.5 A). The new cross signals identify
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Figure 3. Compensated ROESY spectrum (600 MHz, 4 kHz spin lock,
200 ms mixing time, CD;0D, 300 K) of 4 in the presence of 15 equivalents
of calcium chloride. Rotating frame NOE interactions, which are not visible
in the absence of calcium chloride, are indicated by gray boxes. Other cross
signals than those indicated do not change their intensities relative to the
ROESY spectrum of 4 without calcium chloride. The cross-signal
inteensities correspond to average interproton distances between 1.8 and
4A.

a cross-shaped, approximately 90°, relative orientation of the
trisaccharide units of 4 (Figure 4).['"l The hydrophobic contact
stabilizes a neighbouring polar cation-binding site. This only
polar contact site between the trisaccharide moieties is a
hydrophilic cavity which is flanked by the five hydroxyl
groups of rings c, b', and ¢’ (Figure 4). The calcium ion fits into
the NOE-derived structure with Ca—O distances of approx-
imately 2.5 A.l18]

LeX glycosphingolipids are oriented at the outer layer of
cellular membranes. cis-Homophilic contacts between LeX
glycosphingolipids stabilize glycolipid microdomains within
one membrane. trans-Homophilic contacts mediate the cell -
cell adhesion between the outer membrane layers of different
cells. Parallel™ or antiparallel®® molecular recognition be-
tween individual Lewis glycolipids was proposed to explain
the two processes. The cross-shaped orientation of the
covalently tethered LeX trisaccharide moieties in 4 allows
for cis- and trans-homophilic contacts between LeX glyco-
conjugates without resorting to different recognition phe-
nomena. Thus, pairs of dimers from adjacent cell membranes
can stack above each other and stabilize cell —cell contacts
(Figure 5).

1433-7851/00/3918-3247 $ 17.50+.50/0 3247



COMMUNICATIONS

,i
4.;'

mﬁﬁ&$

,P*f: ;
a]  O .

»

o

-f"l;'l:'

Figure 4. Solution conformation of the calcium complex of 4. The LeX trisaccharide populates one well-defined conformational minimum, as known from
previous experimental studies.?!! Torsional restraints kept the glycosidic torsions of fucose (b) and galactose (c) at this minimum in a molecular dynamics
simulation of 4. The rotational mobility about the covalent tether was not restricted and the experimental NOE values were included as weak additional
restraints. The exocyclic torsion of N-acetylglucosamine (a) populates the gauche —trans rotamer in pyranose a and the gauche — gauche rotamer in ring a’.
The methylene spacer linking the N-acetylglucosamines is shown in green. Rings a and a’ are coplanar (left) and assume a cross-shaped relative orientation,
which is more easily visible from a different direction (right). The position of the calcium ion is tentatively assigned at the hydrophilic contact site of the

trisaccharide moieties of 4.
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Figure 5. Two LeX pentasaccharides (lactoses: open pyranose rings, LeX
trisaccharides: filled pyranose rings) are sketched with the relative
orientation of the LeX trisaccharide headgroups as determined from the
calcium complex of 4. The structures show the proposed LeX-LeX
interaction between glycolipids which are anchored to the same membrane
(cis-homophilic contact) or which are anchored to different membranes
(trans-homophilic contact).

Experimental Section

Synthesis of 4: The LeX trisaccharide 5 (Scheme 2) was assembled from the
monosaccharide building blocks using the trichloroacetimidate method.5")
This selectively deprotected trisaccharide was transformed into the
thioacetal 6. An iodonium-mediated reaction with 5 gave the dimer which
was deprotected to 4.
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Scheme 2. a) Dimethyl sulfide, dibenzoylperoxide, 2,6-lutidine (89%);
b) 5, N-iodosuccinamide, trifluoromethanesulfonic acid, 4 A molecular
sieves, CH,Cl, (58%); c) Pd/C, H,; d) NaOMe, MeOH (90% over two
steps).
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Solid-Phase Synthesis of Doubly Labeled
Peptide Nucleic Acids as Probes for the
Real-Time Detection of Hybridization**

Oliver Seitz*

The mutual recognition of two complementary nucleic acid
strands is the molecular basis for most of the current
approaches in oligonucleotide-based diagnostics and therapy.
Much work has therefore been devoted to the development of
methods that allow for detection of the hybridization event.
The hybridization assays that are most commonly used
employ a solid phase in order to facilitate the separation of
bound from unbound analytes.! In contrast, assays that
proceed in homogeneous solution avoid problems such as
nonspecific adsorption and the tedious washing protocols
associated with heterogeneous assays.?! In addition, homoge-
neous assays can provide a means to perform real-time
measurements in vitro and even in vivo.Pl Conventional
DNA-based probes, however, are susceptible to nucleolytic
degradation which complicates their use in living cells.
Herein, a method for real-time DNA measurements is
presented that takes advantage of the enzyme-stable DNA-
analogue peptide nucleic acid.™ It is demonstrated that the
application of a highly orthogonal protecting-group strategy,
in combination with chemoselective conjugation reactions,
allows for the rapid and automatable solid-phase synthesis of
doubly labeled PNA probes suitable for homogeneous DNA
detection.

Peptide nucleic acids (PNAs) bind with a remarkably high
affinity and selectivity to complementary nucleic acids.’! The
structure of the resulting duplexes is similar to that of the
corresponding DNA - DNA or DNA - RNA duplex molecules.
However, there are striking differences between the structure
of DNA and PNA single strands. For single-stranded PNA
oligomers the analysis of the temperature-dependent UV
absorbance reveals a sigmoidal melting curve.[! The observed
hypochromicity can reach values up to 30 %, which indicates
that, in PNA single strands, base stacking is a favourable
process. We reckoned that, due to this inter- or intramolecular
association, a fluorescence-donor and a fluorescence-quench-
er group appended to the unhybridized PNA molecule 1
would be positioned in close proximity (Figure 1).] In
analogy to the DNA-based molecular beacons 2, which were
introduced by the pioneering work of Kramer and Tyagi,
collisional quenching and the distance-dependent fluores-
cence resonance energy transfer (FRET) would diminish the
fluorescence of the donor label.l’8l Hybridization with com-
plementary nucleic acids should induce a structural reorgan-
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