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Polysaccharide chains are usually considered to be highly hydrophilic, since they have no obvious nonpolar moieties in
them. Yet, it is possible to realise conformations in these chains wherein all the hydroxy groups are disposed in one side
or face of the chain and the hydrogens disposed in the other. We experimentally demonstrate that such an amphiphilic
surface is present in linear oligomeric dextrins, i.e., a-1,4-linked D-glucosides, but not in a-1,6-D-glucesides (dextrans)
or in $-1,4-D-glucosides (cellulose). This amphiphilicity is generated as a conseguence of the stereochemical constraints,
which vary with the structure of the sugar and with the type of linkage. Oligosaccharide chains that can adopt incipient
helical structures might display amphiphilicity. This property might be relevant to intermolecular recoguition on cell
surfaces, lectin-sugar binding, antigen—antibody interactions and the like, and might be manifested more in hetero-

molecular recognition processes than as homomolecular self-aggregatien.

1. Introduction

At first glance a sugar molecule would be thought to
be only hydrophilic in nature, because of the presence
of several hydroxyl groups and no obviously apolar
groups in it. Yet, amphiphilicity can be generated in
sugar chains based on the conformation of the mono-
meric sugars, the epimeric structure, the stereochemistry
of the inter-sugar glycosidic bond and the chain confor-
mation. An excellent example are the cyclodextrins,
namely cyclo(oligoamyloses), which are bracelet-like
molecules that possess a hydrophobic interior and a
polar outer surface. This amphiphilic feature of cyclo-
dextrin molecules arises from the *C, conformation of
the monomeric a-D-glucose units and the 1ade-glyco-
sidic linkage, which disposes all the hydroxyl groups on
the outer rim of the bracelet, leaving the inner cavity
less polar. Consequently these molecules are able to
solubilize or include one or more molecules of nonpolar
substances such as aromatic hydrocarbons within this
inner cavity [1,2].
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We now ask the question whether linear oligomeric
saccharides could also displcy asaphiphilicity. Would
one side or face of the molecule be hydrophobic and the
other surface of the ribbon hydrophilic? We have at-
tempted to answer these questions by studying aqueous
solutions of glucose, sucrose, maltose, and of linear
dextrin, i.e., 1a.4e-linked oligomers of a-D-glucopyrano-
side, and comparing them with those of dextran (1,6-lin-
ked a-D-glucose units) and of cellulose (8-1ede-linked
D-glucose units), as well as of xylan (f8-1,4-linked D-
xylopyranose). Our results suggest that dextrin chains
are amphiphilic ribbons whose hydrophobic surfaces
are recognized by other hydrophobic or amphiphilic
molecules under appropriate conditions. It also appears
that, in general, oligosaccharide chains which can adopt
incipient helical type curved surfaces might be
amphiphilic.

Neal and Goring [3] had suggested carlier that the
smallest oligomeric dextrin, maltose, can adopt a con-
formation in which one face of the molecule is hydro-
philic due to the disposition of the hydroxyl groups
therein, while the other face is relatively apolar. In
contrast, the B-lede-linked dimer of glucose, namely
cellobiose, should be less capable of such intramolecular
hydrophobic folding since the B-1e,de-glycosidic link is
less flexible than the a-la,de-link [3]. One may expect
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such segregation of the polar and apolar faces to be
accentuated with higher oligomers of maltose. Some
support for this possibility arises from the observations
of Janado and Yano [4] that the solubility of naph-
thalene in water is progressively enhanced in the pres-
ence of dextrins of increasing chain length. These
authors have suggested that these dextrins form curved
nonpolar surfaces similar to the internal surface of the
cyclodextrins which interacts favorably with apolar
compounds. It is well known that a-amylose, which is
the high molecular weight polymer of these oligo-
dextrins, folds into several helical forms [5-8], whose
inner cavity is relatively apolar; this enables amylose to
display hydrophobic binding towards stilbene-sub-
stituted fatty acids as inclusion complexes [9,10]. The
inclusion complex of molecular I, with a-amylose is a
classical example much studied in the past.

Earlier, Nakatani et al. [11] have reported that fluo-
rescence probes experience a partial hydrophobic en-
vironment when they interact with oligoamyloses be-
yond a chain length of six or so. We explore these
points further in this paper and present evidence which
suggests that even short-chain dextrins are amphiphilic
ribbons that enter into hydrophobic interaction with
appropriate partners. This finding is of relevance to cell
surface polysaccharides, glycoproteins and lectin—sugar
interactions, since it suggests a possible nonpolar or
hydrophobic component in such interactions.

2. Materials and Methods

Linear Dextrin-20, which is hexameric a-1,4-linked
p-glucose and Dextrin-10, the corresponding decamer,
as well as Dextran 4, which is a-1,6-D-glucopyranoside
of molecular weight 4000-6000, were obtained from
Serva Chemical Co. All the other sugars and chemicals
were obtained from Sigma Chemical Co. Estimation of
the changes in the environmental polarity, brought about
by the sugars, was done using the fluorescent probes
8-anilino-1-naphthalenesulfonate (ANSA), pyrene, and
5-(dimethylamino)-1-naphthalenesulfonamide (dansa-
mide) which was synthesized in our laboratory. The
relative intensity ratio of the first and the third vibronic
bands (Ham effect) of the fluorescence of pyrene is
sensitive to the medium polarity [12], while with ANSA
and dansamide, it is the band position and the quantum
yield that are polarity sensitive [14). The critical micelle
concentrations (cmc) of cetyltrimethylammonium
bromide (CTAB) and Triton X-100 were determined in
water and in the presence of the additives using surface
tensiometry or the pyrene fluorescence probe method
[13). The solubilities of L-tyrosine in pH 7.1 Tris-HCl
buffer, in the absence and presence of the various
sugars were determined at 298 K using the molar ab-
sorption coefficient value of 1370 at 275 nm for the
amino acid, and the procedure adopted was the same as

H
1

N

Activity Coefficient
[=3 -
c% (*]
?
L
)

/

1 i i 1

ol oz 10 20
Additive (M) —

Fig. 1. Solubilization of L-tyrosine by aqueous sugar solutions at 298
K. Curve (1) is for sucrose, (2) for glucose, (3) for Dextrin 10, (4) for
Dextrin 20, (5) for cellobiose, (6) for Dextran 4, and (7) for xylan
(however, here the data points are for xylan concentrations of 0.05%,
0.025% and 0.0125% w /v, rather than in molarities, since the molecu-
lar weight of the xylan was not specified). Activity coefficients were
calculated as the ratio of the solubility in water to that in the additive
test solution.
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that of Lakshmi and Nandi [15]. 11-Bromoun-
decanoyltryptophan (BUT), an amphiphile that is
known to self-coil in water, was synthesized in our
laboratory and its fluorescence intensities were mea-
sured in water and in the presence of various sugars.
The Hitachi Model F4000 spectrofluorimeter and Model
330 spectrophotometer were used, and all measurements
were done at ambient temperature, unless otherwise
specified.

3. Results and Discussion

Sugars are conventionally thought to reduce the solu-
bility of lipopbilic compounds in water; the term ‘sugar-
ing out’ has been used in this connection [15], akin to
the salting out phenomenon. However, should dextrins
display amphiphilic tendency, one might expect them to
solubilize or enhance the solubility of lipophilic sub-
stances in water. Janado and Yano [4] have shown
earlier that oligomeric maltoses solubilize neutral arenes
better than glucose or water. Fig. 1 shows such sugar-
ing in’ effects of Dextrin 10 and Dextrin 20 towards
L-tyrosine in aqueous solutions. The activity coefficient
f (=c¢y/c, where ¢, is the solubility in water and ¢ is
that in the presence of the additive) of tyrosine is
decreased significantly by the dextrins, since they en-
hance its solubility in water. While monomeric glucose
does not significantly affect the activity coefficient,
oligomeric glucoses are able to do so, but as Fig. 1
shows, this is true only with a-1,4-linked glucose; the
limited data that we could get at the accessible solution
concentrations of the a-1,6-linked dextran chain suggest
that it has little or no solubilizing effect. We found that
neither does cellobiose, which is the 8-1,4-linked dimer
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Fig. 2. (Panel a) The effect of various saccharides on the cmc of
CTAB. Curve (1) is for glucose, (2) for trehalose, (3) for Dextrin 20,
(4) for Dextrin 10, and (5) for a-cyclodextrin. (Panel b) The effect of
various saccharides on the cmc of Triton X-100 in water. Curve (1) is
for glucose, (2) for maltose, (3) for Dextrin 20, and (4) for Dextrin 10.
The limited data points that we collected with solutions of cellobiose,
dextran and xylan all fell right on curves (1) and (2) of both panels.
The cmc values were measured using the pyrene fluorescence probe
method [13].

of D-glucose. The free energies of transfer of tyrosine
from water to 200 mM dextrin solutions, calculated
from the activity coefficient values and at 298 K, were
estimated to be —380 cal/mol for Dextrin 20 and
—460 cal/mol for 150 mM Dextrin 10; in contrast,
these values are negligible for cellobiose, and slightly
positive in the case of 2 M glucose (+25 cal/mol), 2 M
sucrose (+240 cal/mol) and 20 mM Dextran-4 (+70
cal/mol). The behaviour of maltose was similar to
glucose. The other polymer tried, namely xylan (0.05%)
where the value was +160 cal/mol, is also a poor
solubilizer of tyrosine, which it ‘sugars out’ of water.
Another way of monitoring the hydrophobic or
amphiphilic character of the sugars is to study their
effects on the critical micellar concentration (cmc) val-
ues of conventional surfactants in solution. Fig. 2a
reveals that while glucose and trehalose (a-1,1-linked
dimer of D-glucose) marginally advance the cmc of
cetyltrimethylammonium bromide (CTAB) in water
(from 0.9 mM to a limiting value of about 0.6 mM),
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oligomeric dextrins increase the cmc substantially. An
additive that increases the cmc of a surfactant is thought
to do so by weakening the hydrophobic self-association
(micellization) of the surfactant. In the case of the
dextrins, this could arise through direct interaction be-
tween the dextrin molecules and the surfactant mole-
cules, which would tilt the micellization equilibrium in
the direction of free monomers, and thus postpone the
cmc. This interaction between dextrins and CTAB would
necessarily have to be significantly hydrophobic in char-
acter, since glucose itself does not seem to interact with
CTAB. In support of this point we note that a-cyclo-
dextrin is very effective in delaying the micellization; 10
mM a-cyclodextrin postpones the cmc of CTAB by
almost a factor of eight, namely from 0.9 mM to 7 mM.
The cyclodextrin molecule is known to interact with
fatty acids and related amphiphiles and include them
within its apolar cavity [2].

This effect of dextrins on the cmc of surfactants
appears to be general and not confined to CTAB. Fig.
2b shows that glucose and maltose have negligible effect
on the cmc of the nonionic detergent Triton X-100
(t-octylphenyl decaethyleneglycol), while Dextrin-20 and
Dextrin-10 postpone the cmc value substantially.
Gratzer and Bevan [16] have shown earlier that sucrose
advances the cmc of Triton X-100 slightly; this effect
has been considered to be due to increased hydrophobic
interaction between nonpolar moieties in the presence
of sucrose, an additive that is thought to enhance water
structure. The effect of the linear dextrins could there-
fore be thought of as the opposite, namely a weakening
of this hydrophobic self-association.

In this connection, the standard free energy of the
transfer of the detergent from water to aqueous solu-
tions of the sugars can be estimated in much the same
way as was done for tyrosine above, excepting that the
cmc values are used in place of the concentrations here
[16], namely using the equation AG2 = — RT Infemc],/
[cmc],, where the subscripts s and w refer to the
aqueous sugar solution and water, respectively. Table I
lists the values of the transfer free energies of CTAB
and Triton X-100 from water to various sugar solutions.
As with tyrosine, the values of the transfer free energies
indicate in these cases that a-cyclodextrin and linear
dextrins solubilize the amphiphilic substances, while
mono- and disaccharides behave oppositely. Dextran
and xylan behave quite differently from dextrin; they
advance the cmic of CTAB and affect that of Triton
X-100 little.

The weakening of the hydrophobic self-aggregation
and the enhanced solubilization by the dextrins can
occur either because they tend to break water structure,
or because of a possible heteromolecular association
between the dextrins and the nonpolar chains of the
surfactant molecules. Some support for the latter possi-
bility of a hydrophobic interacting surface in these
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TABLE 1

Standard free energy of transfer of some detergents from water to
aqueous sugar solutions at 298 K

Solvent system Transfer free energy from water

(cal/mol)
CTAB Triton X-100
10 mM a-Cyclodextrin -1220 -
50 mM Dextrin 10 —~1040 -720
50 mM Dextrnn 20 -770 —530
200 mM Maltose -30 -
250 mM p-Glucose +240 negligible
1 M Sucrose +410 +200
200 mM Cellobiose +240 -
10 mM Dextran 4 +120 negligible
0.025% Xylan +350 negligible

oligosaccharides comes from the observations [17,18)
that these molecules are partitioned from aqueous solu-
tions into polystyrene gels. Hydrophobic index values
[19), i.e, ratio of the hydrophobic and the hydrophilic
surface areas of these molecules, and the CH surface
area [20] of sugar molecules have been estimated as a
measure of their hydrophobicities.
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Fig. 3. Variation in the emission band position (a) and the emission

intensity (b) of the probe ANSA in water upon the addition of various

succharides. Curve (1) is for glucose, (2) for Dextrin 20, (3) for
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xylan. The excitation maximum was 365 nm.
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Fig. 4. (Panel a) Vanation in the emission band of the neutral

dansamide in water: dioxan mixtures. (Panel b) Variation of the

emission band of dansamide in solutions of glucose and of Dextrin 20
in water. Excitation was at 323 nm.

Further insight into the hydrophobic character of the
dextrins comes from fluorescence probe experiments.
Fig. 3 shows the variation in the emission band maxi-
mum values and also in the intensity of the fluorescence
of the polarity probe ANSA (14] as a function of
increasing concentrations of the sugars in water. Here
again, it is apparent that even hexameric dextrins offer
a medium of decreased polarity to the probe. The
emission maximum of ANSA in a- and B-cyclodextrins
has been seen to be around 490-495 nm [21]. Other
fluorescence probes of polarity such as dansamide and
pyrene show similar behavior. Fig. 4 shows that the
medium polarity offered by lienar dextrin chains might
be roughly comparable to that of 30% dioxane in water.
The Ham ratio of the intensities of the third and first
vibronic bands of the meission spectrum of pyrene is a
polarity index [12], and it was found to increase from
0.58 in water to about 0.67 in 500 mM Dextrin 20; this
may be compared with the value of 0.74 seen in micelles
of Triton X-100 in water [21]. In contrast, dextran offers
a medium polarity that is not any different from that of
water; neither do the sugars glucose, maltose, sucrose,
cellobiose, or xylan (data not shown).

Based on these results, we suggest that these polarity
probes bind to the dextrin chain in a fashion that lets



39

Fig. 5. The energy minimized conformations of: (a), cellulose trimer, shown in the ball and stick format; (b), dextran trimer, shown in the

space-filted model format; and (c) and (d), dextrin trimer, shown in both representations. The bond angles and lengths for the C, form of

p-glucose were taken from [29] and the energy minimization was done using the procedures given in [27,28]. Dark spheres are hydrogen atoms, grey
spheres are oxygen atoms and white balls are carbon atoms.
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them experience an immediate environment or cybo-
tactic zone that is less polar than the bulk water medium.
Such binding can be envisaged if the dextrin chain were
to have a nonpolar side comprising the CH groups on
one side and all the hydroxy's on the other, i.e., if the
chains were to be smphiphiiic ribbons or sheets, with
one side or face polar aad the other surface apolar in
character. We already noted how such a possibility can
be realized in the lowest oligomeric dextrin maltose [3],
and how an apolar face can be generated if the cyclo-
dextrin ring were to be nicked at one place and the
resultant chain laid out. Homopolysaccharides are
known to take on the extended ribbon (Type A), the
flexible helix (Type B), the crumpled ribbon (Type C)
and the flexible coil (Type D) conformations, depend-
ing on their chain linkage types [8,22]. The a-1,4-glucans
such as dextrins take on only the Type B conformation
or the helical form, of which three kinds are known.
Cyclodextrin is thought to be one turn of one of these,
called the V-form [7].

The invocation of a hydrophobic face in linear dex-
trins and higher polymers might also explain the re-
ported ability of linear amylose to ‘uncoil’ or straighten
out self-coiled amphiphiles such as 16-substituted
palmitic acid p-nitrophenyl esters [23]. Heteromolecular
association between the hydrophobic face of the amylose
chain and the alkyl chain of the ester molecule (or
inclusion within the nonpolar interior of the helix)
might be envisaged as the mechanism. In an effort to
test this idea with short dextrin chains, we studied the
variation in the fluorescence quantum yields of the
molecule 11-bromoundecanoyltryptophan (BUT), which
is known to be self-coiled in water [24], upon the
addition of various sugars. BUT showed an emission
band at 357 nm in 1 M maltose and a relative emission
intensiiy of 1, compared to which its intensity increased
to 1.53 and the band blue-shifted to 354 nm in 300 mM
Dextrin 20, and an intensity of 1.7 and a band at 351
nm in 150 mM Dextrin 10. We interpret these relative
intensifications as arising due to the straightening out of
the self-coiled chain of BUT, which would lead to relief
from the heavy atom quenching experienced by the
tryptophan fluorophore in the molecule. The blue-shift-
ing of the band in the presence of linear dextrin is
possibly a polarity effect, since tryptophan emission is
polarity sensitive [25].

In polysaccharides, the three dimensional shape is
constrained by the geometry of the glycosidic linkage
and whether groups are disposed axially or equatorially.
For sugars existing in the usual *C, chair form, the
following possibilities exist {26). The 1e,de-linked poly-
mers exist as two-fold (or three-fold) extended chains,
the surfaces of which contain polar groups. These will
therefore not be amphiphilic (e.g., cellulose or 1,4-lin-
ked xylan). Fig. 5a shows the energy minimized confor-
mation of cellulose trimer (based on the procedure of

Rao and associates [27,28]), in the ball and stick model
form, which exemplifies this point. The a-1,6-dextrans
form two-fold crankshaft like structures, and are also
not amphiphilic chains; see Fig. 5b for a view of space
filled model of dexiran trimer, again generated by the
energy minimization procedure above, using the bond
lengths and angles given for glucose in the *C, form
[29]). On the other hand, the le,3e- and lade-linked
chains form helices with the outer surface different from
the inner. The le,3e-chains form ftriple helices with a
rather inaccessible interior, while the outer face is
solvated. The 1a,de-chains are the candidates that offer
amphiphilic surfaces (e.g. dextrins), as do the leda-
chains (-1,4-D-galactans). Figs. 5c and d display the
energy minimized geometry of dextrin trimer; the
amphiphilic feature of the chain is clearly brought out
here, in contrast to cellulose or dextran chains. Also
notable is the similarity between the inner apolar surface
of a-cyclodextrin and that of linear dextrin. The other
structures that might display amphiphilicity are 8-1,3-
D-galactans, a-1,2-, a-1,4-, and $-1,3-D-mannans, and
B-1,3- and a-1,4-D-xylans [22]. Unfortunately, these
compounds are not readily available in the pure form
for us to have studied their ainphphilicity.

We believe that this progerty might be of value in
heteromolecular recognition in glycopeptides, cell
surface oligosaccharides, and in lectins and sugar—pro-
tein interactions, some of which are thought to have
some degree of hydrophobic component [30-33]. The
issue of whether saccharide chains enter into hydro-
phobic interactions has been debated in literature. Kabat
et al. [34] had noted that the monoclonal antibody
anti-1 Ma recognizes a large lipophilic surface presented
by the hapten trisaccharide pg-p-Galp-(1,4)-8-D-
GlcpNAc-(1,6)-D-Gal in its preferred conformation and
that, when necessary and stereochemically possible, the
carbohydrate will assume intramolecular hydrogen
bonds in order to become more compatible for hydro-
phobic bonding with the antibody. Kronis and Carver
[35] had held that hydrogen bonds and van der Waals
interactions are more important than hydrophobic forces
in such protein-carbohydrate interactions. Later work
by Lemieux et al. [36,37] on other antibodies have
suggested a pattern of interactions involving the recog-
nition of an amphiphilic surface presented to the pro-
tein by the oligosaccharide. In order to provide greater
interaction with a complementary lipophilic protein
surface, the oligosaccharide might be required to form
intramolecular hydrogen bonds.

We believe that in the present instance, the stereo-
chemical constraints imposed on the dextrin chain lead
to its adoption of the amphiphilic surfaces, and that the
other structures of the glucans such as the a-1,6-, 8-1,4-,
and the 1,2-type are not restricted conformationally in
this fashion, and thus are not amphiphilic. It is also
likely that such amphiphilic surfaces are easier recog-



nized in heteromolecular interactions; we could not
detect any evidence of homomolecular interactions or
self-aggregation in the case of the oligodextrins.
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