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In conclusion, we have described a new and simple strategy
for the molecular design of chiral phase-transfer catalysts by
introducing a conformationally flexible, chiral C,-symmetric
quaternary ammonium bromide 4 and uncovering its charac-
teristic feature. The representative phase-transfer alkylation
of 2 was smoothly catalyzed by 4 in a highly enantioselective
manner, which stems from the high chiral efficiency of a
homochiral isomer rapidly equilibrating with a heterochiral
one as verified by a variable-temperature '"H NMR study. Our
approach conceptually parallels the successful utilization of a
flexible ligand to magnify the effect of the other chiral ligand
through a coordinative interaction with the metal center,”!
and should eventually offer a new dimension for asymmetric
phase-transfer catalysis based on the design of the catalyst.

Experimental Section

Phase-transfer benzylation of 2 with catalyst 4d (entry 6 in Table 1): Water
(29.2 uL) was introduced to a 10-mL two-neck flask containing a Teflon-
coated magnetic stirring bar and CsOH - H,O (265 mg, 1.5 mmol) and the
mixture was stirred under an argon atmosphere. Then, 4d (5.8 mg,
0.005 mmol) and a solution of glycine ters-butyl ester benzophenone Schiff
base 2 (148 mg, 0.5 mmol) in toluene (3 mL) were added and the mixture
was cooled to —15°C. After 10 min of gentle stirring, benzyl bromide
(73.6 puL, 0.6 mmol) was added dropwise and the reaction mixture was
stirred vigorously for 16 h. The resulting mixture was poured into brine
(25 mL) and extracted with CH,Cl, (6 mL x 3). The organic layer was dried
over Na,SO, and concentrated. The residual oil was purified by column
chromatography on silica gel (diethyl ether/hexane = 1:20 to 1:10 as eluant)
to give the corresponding benzylation product 3 (R=CH,Ph) (168 mg,
0.436 mmol; 87 % yield, 94 % ee) as a colorless oil. The enantiomeric excess
was determined by chiral HPLC analysis (Daicel Chiralcel OD, hexane/2-
propanol =100:1, flow rate =0.5 mLmin~!, retention time; 13.7 min (R)
and 24.6 min (S)).
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carbohydrate-binding proteins.’! In 1989 Hakomori et al.
proposed interactions between glycosphingolipid (GSL) mi-
crodomains as an initial step for adhesion and recognition.l!
The process would consist of a highly specific low-affinity
Ca?*-dependent multivalent interaction between the carbo-
hydrate moieties at the cell surface.* > The antigen Lewis®
(LeX) is a trisaccharide (Galp(1 —4)[Fuca(l —3)]GlcNAc)
carried by glycosphingolipids and poly-LacNAc (“embryo-
glycan”). Specific homotopic LeX — LeX interactions provide a
possible basis for initial cell recognition in morula compaction
and in embryonic carcinoma cells.[>7] Attempts to character-
ize and quantify this weak interaction in solution with
monomeric LeX ligands have failed.* 8

Recently, we have prepared gold nanoclusters functional-
ized with self-assembled monolayers (SAMs) of biologically
significant oligosaccharides as a new water-soluble three-
dimensional (3D) polyvalent model system mimicking GSL
clusters.’! With these gold glyconanoparticles we have dem-
onstrated, by using transmission electron microscopy (TEM),
the selective ability of the LeX deter-
minant for self-recognition in calci-
um-containing aqueous solution.’]
This ability was also confirmed by an
atomic force microscopy (AFM)
study of adhesion forces between
individual LeX antigen molecules by
using well-defined 2D-SAM surfa-
ces.1] "

Self-assembled monolayers of alka-
nethiolates on gold are structurally
well-organized substrates that provide
excellent model surfaces for studies in
biology.l': 12l At the same time surface
plasmon resonance (SPR) has been
developed as an analytical method to
investigate molecular recognition in
carbohydrate — protein binding in real
time.["] We now demonstrate that the
combination of SAMs of alkanethio-
lates on gold presenting carbohydrate
epitopes as the substrate, gold glyco-
nanoparticles as the analyte, and de-
tection by SPR constitutes an excel-
lent approach for studying and quan-
tifying, in a well-defined system, the
putative Ca’*-mediated carbohy-
drate-to-carbohydrate  interactions.
The results now reported: a) provide,
for the first time, a quantitative esti-
mation of the kinetics for the self-
interaction of the biologically impor-
tant LeX trisaccharide antigen; b) con-
firm the selective calcium dependency
of this interaction; and c) illustrate,
once more, the value of polyvalent
presentation in the examination of
weak interactions.!¥
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estimation of carbohydrate interactions by SPR.I> 161 In both
of them the interacting oligosaccharides were attached to
macromolecules (bovine serum albumin!™ or polymers!'®)
that gave rise to a number of nonspecific interactions which
hampered the study. In our system these unspecific interac-
tions are minimized since the SAMs are prepared directly on
the gold surface and we can control the nature of the ligand,
its concentration, and its density at the gold surface.

The molecules used in this study are shown in Figure 1 A,
and a schematic representation of a typical binding event
(sensorgram) of our model system is given in Figure 1B. LeX
trisaccharide and lactose neoglycolipids 1 and 3 were synthe-
sized with a linker terminating with a thiol group, which
enables the preparation of both polyvalent gold glyconano-
particles of LeX (1-Au) and lactose (3-Au) as analytes and
SAMs of 1 and 3 on the biosensor gold surfaces as substrates.
The methyl glycosides 2 and 4 were also prepared as
monovalent ligands.['” Sensor chips functionalized with SAMs
of 11-thio-3,6,9-trioxaundecanol (5) and 11-thioundecanol (6)
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Figure 1. A) Structures of carbohydrate ligands used in this study; shaded hemisphere = gold nano-

Two important reports have been
published recently on the quantitative
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particle. B) Schematic representation of our binding event strategy with a typical sensorgram; gray
circles = gold nanoparticles, black circles = Ca** ions.
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were used as control surfaces. Glyconanoparticles 1-Au and 3-
Au have been prepared and characterized previously.)

The SPR experiments were carried in a Biacore instrument
(Biasensor AB, Uppsala) at 25°C. A J1 biosensor chip (plain
gold surface) was functionalized with neoglycolipids 1 (flow
cell 1) and 3 (flow cell 2) at flow rate of 3 uLmin~! until a
constant SPR response (715 RU for 1 and 794 RU for 3) was
obtained (RU = response units). To cover possible gaps on the
gold surface, the immobilization was continued by injection of
an aqueous methanol solution (50 %) of 5 (2 mgmL™"). In the
third flow cell 5 was immobilized to remove any nonspecific
interactions between the linker and carbohydrate ligands. The
fourth flow cell of the sensor chip was treated only with buffer
to serve as a second control. Alternatively, three different J1
sensor chips were functionalized by removing them from the
plastic holder and soaking them in solutions of 1, 3, or 6
(2.5 mM) in ethanol. The results were similar to those obtained
by the other protocol.

The binding of 1-Au, 3-Au, and the monovalent ligands 2
and 4 to SAMs of 1 and 3 were measured in Hepes buffer
(Hepes = 2-[4-hydroxyethyl)piperazine-1-yl]ethanesulfonic
acid) in the presence and absence of Ca?* ions.l"¥] Sensorgrams
for the binding of 1-Au, 3-Au, and the corresponding
monomeric ligands 2 and 4 to immobilized LeX and lacto-
neoglycolipids are shown in Figure 2. A plot of k, versus
ligand concentration from the association phase yielded the
rate constant k.. At least six different concentrations of
carbohydrate ligands were used. The dissociation rate con-
stant k. was obtained from the direct analysis of the
dissociation phase of the sensorgrams. The rate constants k,,
and k.; and the apparent affinity constants K, are given in
Table 1.

A slow association phase and a very gradual dissociation
phase are shown in curves for the binding of LeX nanoparticles
(1-Au) to LeX monolayers in the presence of calcium ions
(Figure 2 A). The binding is of high affinity, with a calculated
K4 of 54x1077m (Table 1) and an RU value of 700 at a
concentration of 1.8 pM. In contrast, binding of monovalent

- B)
initial dissociation phase

association phase

600

400

Table 1. Kinetic data (k,,, ko, and K,) and energy of binding (AG) for
monovalent and polyvalent ligands at 25 °C.[?!

Monolayer Carbohydrate k,, kot K, —AG
surface ligand [mM~ts1]il [s-1]l [m]®! [kcalmol ']
1 1-Au 28x10° 1.5x1073  54x107 8.5

1 2 70x10 04 5.7x1073 3.0

1 3-Au 5.0x102 04 80 x 1073 42

1 4 _lel _lel _lel _lel

3 3-Au 1.7x10° 24x1072 150 x 1073 6.5

3 4 _ld _ld _Iel _Iel

3 1-Au 1.0x10*> 1.0x1072 10x1073 5.4

3 2 _le] _le] _le] _le]

[a] 10 mm Hepes buffer (pH 7.4), 150 mm NaCl, 10 mm CaCl,. The size of
the statistical parameter y? is <3 in all the fitting curves. [b] On the basis of
the glyconanoparticle concentration. [c] After substracting the data for
nonspecific interactions from the gold and 5 surfaces (control lines) the
signal was below 10 RU.

ligand 2 shows a very fast association and dissociation phase,
which indicates a very weak interaction (5.7 x 10-3m; Fig-
ure 2B). The ligands showed nonspecific interaction with the
control lines (5 and gold surface, data not shown). The data
obtained suggest the importance of multivalent presentation
of the ligand and how this contributes significantly to the
binding affinity. No binding was observed in the absence of
calcium ions. In comparison to the studies with LeX glyco-
nanoparticles, the binding of lacto-glyconanoparticles (3-Au)
to lactose monolayers exhibits a rapid association phase but a
slightly lower response (275 RU) and a very fast dissociation
phase (Figure 2C). The K,; drops to 1.5x1073M which
indicates that the affinity and strength of the binding decrease
to the mm range for the lactose —lactose interaction (Table 1).
No binding was observed for the monomeric ligand 4 either in
the presence or absence of Ca?* ions.

Crossed SPR experiments between immobilized Lewis X
and lacto-nanoparticles or vice versa also gave affinity
constants in the mM range (Table 1). Monovalent ligands 2
and 4 did not show any interaction in the crossed experiments.
Similarly, the response observed for the interaction of the
poly- (1-Au, 3-Au) and monovalent (2 and 4)
ligands with the immobilized monolayers of
5 and 6, after subtracting background bind-
ing to the gold surface, was below the
detection sensibility of the signal in the
Biacore instrument (RU <10). Thus, no

selective interaction occurs between carbo-
hydrate ligands and these surfaces.

300

200

100

These results indicate that the affinity of
the LeX antigen for self-recognition is in the
uMm range, whereas the lactose self-interac-
tion and the heterotopic LeX—lacto interac-
tion show affinity constants in the mm range.
The selectivity of LeX nanoparticles for the
LeX monolayer is about 200 times higher
(AAG ~3 kcalmol™!) than for the lacto
monolayer and 30 times higher (AAG ~2

1556

1 101 201
tls ——»

Figure 2. SPR sensorgrams for the interaction of: A) 1-Au to SAMs of 1; B) 2 to SAMs of 1; C) 3-
Au to SAMs of 3; D) 4 to SAMs of 3, without (----) and with Ca?* ions (—).
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kcalmol™!) than that of the lacto nanoparti-
cles for its self-assembled monolayers (Ta-
ble 1). The binding affinity for Le* self-
recognition (AG ~ 8 kcalmol™') equals the
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affinity determined for the heterotopic binding of polymeric
Gg3 to GM3 monolayers,'®! which is a model system
mimicking the Gg3-GM3 interaction between lymphoma
and melanoma cells.') However, the selectivity found for the
Ca**-mediated LeX-LeX interaction related to the LeX-lacto
in our model system is about 3 kcal mol~! higher than that found
between Gg3-GM3 and Gg3-lacto interactions (AAG <
1 kcalmol!) in the monolayer—polymer system.[']

The selective LeX—LeX recognition in our model system is
Ca?* dependent. In the absence of Ca’>" ions, LeX nano-
particles bind to all functionalized surfaces as they do to the
bare gold surface (Figure 2 A). The selective role of Ca’>* ions
is also shown in the apparent rate of dissociation of LeX
nanoparticles—LeX surface complex (Figure 2A). Addition
of 10 mM ethylenediamine tetraacetate (EDTA) solution to
the buffer was necessary to remove the LeX surface associate
complex, whereas in the case of the lacto—lacto complex,
buffer solution was sufficient to regenerate the lacto-func-
tionalized surface (Figure 2 C). These and our previous results
from transmission electron microscopy (TEM)® indicate that
Ca”" ions are necessary for selective LeX self-recognition and
agree also with the early observation of Ca’*-dependent
aggregation of LeX-coated beads."! In contrast, the presence
of calcium ions does not contribute significantly to the
adhesion forces in the atomic force microscopy (AFM)
experiment.['] This selective calcium dependency may also
explain the differences in binding behavior between the
monomeric ligands LeX 2 (Ky=5.7mM) and lactoside 4
(Figure 2B and D). The response observed for 2 (130 RU),
despite its low molecular weight, may be due to Ca®*-
mediated higher molecular aggregates that allow the detec-
tion of the interaction on the SPR experiment. This may be
also the reason that the apparent affinity of monomeric LeX
(2) for immobilized LeX monolayers, as measured by SPR, is
two orders of magnitude higher than that obtained for the
binding of 2 to LeX-containing liposomes (Ky=0.3M), as
determined by NMR spectroscopy.?’)

The elusive nature of carbohydrate —carbohydrate inter-
actions, which has made their identification and study very
difficult, has been our focus since 1990.2!! We provide here the
first quantitative kinetic data for LeX self-recognition and
direct evidence of its Ca?* dependency. The cooperative
character of this polyvalent interaction has been proved as
well (8=10%)." Low multivalency may be the reason that
LeX self-recognition could not be observed in other model
systems.[”] In addition, incorrect presentation of the oligo-
saccharide epitopes may be responsible for the weak inter-
action observed in liposome systems.?*??l The data here
reported, together with our previous results,! clearly support
the proposal that LeX carbohydrate self-interaction can be a
relevant mechanism for cell adhesion and recognition.[] Gold
glyconanoparticles and SAMs presenting carbohydrate epi-
topes constitute an excellent biomimetic model of carbohy-
drate presentation at the cell surface. These tools together
with the application of new analytical techniques (SPR and
AFM) are allowing us to unravel the molecular basis of other
carbohydrate-mediated interactions.
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