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Carbohydrate recognition is a key natural phenomenon that
mediates protein trafficking!'® and function,™™ cell—cell
recognition and adhesion,"™ and many aspects of the
immune response. Despite its importance, it is not well
understood in all respects. In particular, the driving force for
saccharide binding by lectins and other carbohydrate-binding
proteins is subject to debate.” The discussion centers on the
part played by water. Crystal structures of protein—carbohy-
drate complexes reveal dense networks of intermolecular
hydrogen bonds, but these bonds can only form after
desolvation of the binding surfaces. Complex formation
[Eqg. (1)] involves the interchange of carbohydrate-OH
groups with H,O molecules, which is not an obviously
favorable process.

Protein - n H,O+Carbohydrate - m H,O = 0
Complex - ¢ H,0 + (n + m—q) H,O

In view of Equation (1), it is not surprising that protein—
carbohydrate interactions are relatively weak compared to
other biomolecular associations.”>?! Also, it is unclear how
natural saccharide binding is achieved. Broadly speaking,
there are two hypotheses. The first suggests that the
interaction is essentially polar with binding being driven by
an especially favorable set of hydrogen bonds in the protein—
carbohydrate complex.”! The second proposes that solvent
reorganization is a major player. Both carbohydrates and
their complementary binding sites are amphiphilic with
hydrophobic regions interspersed among the polar groups.
It has been argued, especially by Lemieux,?* that their
surfaces may be inefficiently hydrated so that the water on the
left hand side of Equation (1) is high energy. Release of this
water into bulk lowers the free energy and drives the
formation of the complex.

FElegant methods developed for studying this problem
involve thermochemistry,”! calculational approaches,®! and
mass spectrometry.'! However, they focus mainly on enthal-
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pies, as opposed to free energies, and they aim to determine
the global influence of solvation (i.e. the overall difference
between binding in the gas phase and solution). For a more
complete picture one would like to examine the role of the
solvent more closely, so that both negative (counterproduc-
tive) and positive contributions can be discerned.

A straightforward method for probing solvent effects in
molecular recognition is to vary the solvent." If the inter-
actions between binding partners are exclusively polar, then
the effect of polar solvent molecules will be uniformly
negative. Increasing solvent polarity will lower the binding
constants, and water, the most competitive medium for
hydrogen-bonding interactions, will give the lowest affinities.
If, however, there is a solvophobic contribution to the binding,
the response may be different. Starting with nonpolar
solvents, increases in solvent polarity will lower affinities as
before, but when water is reached its exceptional cohesive
properties may take effect. Affinities in pure water may
therefore be higher than those in some less polar solvent
systems.® Thus, the method can reveal a solvophobic
component when polar interactions are also important.

Such studies may be problematic with natural receptors
because, as proteins, they can denature (or at least change
their conformations) when dissolved in nonaqueous media."”!
However, synthetic analogues!'” can be designed or manip-
ulated such that they are compatible with a variety of solvent
systems. We have developed a family of carbohydrate
receptors exemplified by 1" and 30" (Figure 1). The macro-
polycyclic cores provide both polar (isophthalamide) and
apolar (biphenyl or terphenyl) units for interacting with
saccharides. The parallel disposition of the apolar units favors
substrates with an all-equatorial arrangement of polar func-
tional groups; for example, -glucosyl 2 is suitable for 1 (see
Figure 1a) and -cellobioside 4 is compatible with the larger
macrocycle (3). The architecture was inspired by the E. coli
chemoreceptor protein in which the aromatic units are known
to sandwich carbohydrate substrates (see Figure 1b).11
Peripheral substituents are used to control solubilities so
that both organic soluble (1a and 3a) and water soluble (1b
and 3b) versions are available. The water soluble variants
may be viewed as lectin models, which can bind to carbohy-
drates under natural conditions (i.e. in water) and show good
to excellent selectivity for their target substrates. The binding
of carbohydrates to 1b was somewhat weak (K, values up to
27m"),"™ but carbohydrate binding to 3b was more impres-
sive (K, values up to 900M ', selectivities of approximately
50:1 for pairs of disaccharide substrates).!'”
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Figure 1. a) Monosaccharide receptors 1 enclosing -glucosyl sub-
strates 2. Parallel biphenyl units make apolar contacts with axial

CH groups (blue), whereas equatorial OR/OH groups form hydrogen
bonds to the amide groups (red). Solubilizing groups are shown in
green. b) Binding site of E. coli galactose chemoreceptor protein with a
molecule of glucose substrate (cyan).'” Aromatic tryptophan and
phenylalanine residues are shown in blue and polar residues in red.

c) Disaccharide receptors 3 and cellobiose substrate 4 with color
coding as for a).

These biomimetic receptors presented an opportunity to
study carbohydrate binding to reference systems in solvents
with a wide range of polarities. The association constants of
glucosyl substrates (2) to 1 had previously been measured in
chloroform (Z=63.2),'" choloroform/methanol mixtures,
and water (Z=94.6) as illustrated in Table 1. The figures
showed that, as expected for the recognition of polar
molecules, affinities decrease as the solvent polarity increases.
However, the data were too sparse to distinguish between
exclusively polar interactions (monotonic decrease of the
K, value with increasing solvent polarity) and polar and

Table 1: The effect of widely differing media on the association constants
(K) for the binding of glucosyl substrates 2 to receptors 1.

Receptor Substrate Solvent K, (M7
1a 2 (R=CHy) CHCl, 300000
1a 2 R=CgH,) CDCl,/CD;OH (92:8) 980!
1b glucose D,O 9.2l

[a] Determined by fluorescence titration. [b] See reference [11a]. [c]
Determined by 'H NMR titration. [d] o/ =40:60. [e] See reference [11b].
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solvophobic effects (the K, value passes through a minimum).
We therefore wanted to probe the solvent polarity space at a
higher resolution, especially the critical region closer to pure
water.

The binding of 1b to glucose and the binding of 3b to
cellobiose (4, R = H) were studied in a series of water/organic
solvent mixtures in which the organic solvent was either
MeOH (Z =83.6), DMSO (Z="71.1), or MeCN (Z =71.3).l'8]
The proportion of the organic solvent was increased until the
experiments became infeasible because of decreased solubil-
ity of the carbohydrate substrates. In the case of 1b, the
association constants were measured by 'H NMR titrations!"!
by analyzing movements of the signal from the inward-
directed isophthaloyl CH group. For most of the experiments,
analysis of two other aromatic CH signals was possible and
gave similar values. Although the K, values were low, the fits
of the theoretical equations to the experimental data points
were excellent.'! In most cases!'”! the receptor was greater
than 65 % saturated at the end of each titration. The results
and the observed trends are therefore reliable. In the case of
3b, fluorescence titrations were used; the increase in fluores-
cence output of the terphenyl unit was observed when
cellobiose was added. In previous work this method gave
results that were in agreement with those from NMR, induced
CD, and calorimetric titrations.'”) Again the fits of theoretical
equations to the experimental data were excellent, implying
good accuracy.

Aggregation of the substrates was a potential complicat-
ing factor, especially in solvent mixtures with higher propor-
tions of an organic solvent. However, the "H NMR spectra of
both glucose and cellobiose were essentially concentration
independent in the solvent systems used and implied that self
association was minimal. The NMR spectra also showed that
the anomeric ratios remained constant at o/} ~40:60,
throughout the experiments.

To provide a complementary set of results in organic
media, the binding of 3a to octyl B-p-cellobioside (4, R=
C¢H,,) was investigated in a series of CHCl;/MeOH solvent
mixtures by fluorescence titrations.'"! 3-p-Cellobioside 4 was
freely soluble, with concentration independent 'H NMR
spectra, in solvents ranging from methanol to CHCly/MeOH
(92:8) mixtures. It was less soluble in CHCl;, but dissolved
sufficiently in CHCl/MeOH (99.5:0.5) for the binding con-
stant measurements.

The results of the binding experiments are summarized in
Figures 2 and 3. Figure 2 includes the data for both the
association of 3b+cellobiose and 3a+4, covering the full
polarity range from water to chloroform mediated by
methanol. Despite a gap in the sequence because of the
poor solubility of cellobiose in methanol, it is clear that the
interaction between the (-cellobiosyl unit and the core of
receptors 3 does pass through a minimum. The K, value for
the binding of 3b to cellobiose decays from 560M ' in water to
30m ! in H,O/MeOH (75:25) (Figure 2a). For the association
of 3a+4, the affinities rise from 11M~! in MeOH to an
apparent value of 3x10°M' in MeOH/CHCI; (0.5:99.5)
(Figure 2b). This value may be distorted by substrate self
association,'® but if correct it places 3a among the more
powerful carbohydrate receptors studied in organic media."
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Figure 2. Binding constants (K,) of disaccharide receptor 3 to cellobio-
syl units in a series of water/methanol and methanol/chloroform
solvent mixtures. a) Association constants for 3 b+p-cellobiose in
H,0/MeOH. b) Association constants for 3 a+octyl [3-p-cellobioside
(4, R=C3H;;) in MeOH/CHCl;. The K, values in (b) are expressed on
a logarithmic scale so that the full range of values can be represented.

The full set of results for aqueous/organic solvent mixtures
shows that the effect of organic solvents on carbohydrate
binding in water is a general phenomenon (Figure 3). It
applies to both 1 and 3, and to all three organic solvents
tested. The degree of the effect depends on the organic
solvent. MeCN is the most disruptive, next is DMSO, and then
MeOH. The effects are moderate for the association of
1b+glucose; 12 % of added solvent lowered the K, values by
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Figure 3. Binding constants (K,) of synthetic receptors to carbohydrate
substrates in water/organic solvent mixtures. Organic solvents:

¢ =MeOH, m=DMSO, a=MeCN. a) Association constants for
1b+glucose measured by 'H NMR spectroscopy (deuterated solvents).
b) Association constants for 3 b4-cellobiose measured by fluorescence
spectroscopy (data for MeOH is repeated from Figure 2a).
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factors of 1.8, 3.7, and 5.8 for MeOH, DMSO, and MeCN,
respectively. For the binding constants for 3b+-cellobiose the
reductions are very substantial; for just 8 % of added MeOH,
DMSO, or MeCN, the factors were 3.8, 28, and 47, respec-
tively. The difference between the two receptors presumably
relates to their sizes. The extended apolar surfaces in 3b and
its cellobiose substrate result in larger hydrophobic effects,
which are more sensitive to the disruptive effects of the
organic solvent. The results may be compared with those of
Diederich and co-workers on the hydrophobic binding of
substituted benzene rings by a water soluble cyclophane.”” In
that case approximately 10% of either MeOH or DMSO
caused a roughly twofold reduction in affinities. It is interest-
ing that the same two solvents have different effects in the
present case, and the systems are much more sensitive to
DMSO. This sensitivity may relate to the role of both the
polar and hydrophobic interactions in carbohydrate recog-
nition.

As an additional test of the role of water, we investigated
the effect KSCN. Such chaotropic salts are generally under-
stood to weaken hydrophobic interactions,”” and indeed, we
observed lower affinities; for [KSCN]=0.3Mm, the K, values
for the associations of 1b+glucose and 3b+-cellobiose fell by
factors of 3 and 6.4, respectively.

Taken together, the results imply a major role for
hydrophobic forces in carbohydrate recognition by this
family of synthetic receptors. Although the classical hydro-
phobic effect is entropy-driven, it is notable that the binding
of cellobiose by 3b in water is largely enthalpy-driven (AH =
—3.22 kcalmol™'; TAS = 0.62 kcalmol™')."? This may there-
fore be seen as another example of the hydraphobic?! or
nonclassical hydrophobicl™ effect.

The implications of our results for biological carbohydrate
recognition depend on the degree to which 1b and 3b are
truly biomimetic. The binding sites bear good general
resemblances to those of carbohydrate-binding proteins,
being amphiphilic in character with preorganized polar and
apolar moieties. The designs are specifically related to
carbohydrate-binding proteins, and NMR structural studies
suggest that they work as predicted."™!?l Although the
binding constants are quite low (especially for 1b), recall
that carbohydrate—protein interactions are also weak; lectin—
monosaccharide affinities are often less than 10°m~'.F
Importantly, the thermodynamic parameters for association
of 3b+-cellobiose in water (see above) lie within the range
observed for lectins.”*! These considerations suggest that 1b
and 3b are indeed good models for natural carbohydrate
receptors and can be used to shed light onto their biological
counterparts. Whereas saccharide binding in nature is
strongly influenced by hydrogen bonding, our data provide
clear support for a hydrophobic component.
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