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ABSTRACT

The conformation of amylose in various solvents is discussed. It is shown that
the changes in molecular volume of the polysaccharide (measured by viscosity) as
potassium chloride is added to a solution of amylose at pH 12 are similar to those
obtained on adding butan-1-ol to the solution. The viscosity number in both cases
decreases to values less than that observed for amylose in water, in which Flory
theta-conditions are approximated. The minimum value of the viscosity number, in
fact, is identical to that observed on the addition of butan-1-ol and iodine to neutral
aqueous solution of amylose — conditions known to resultin a helical complex. It is
concluded that amylose undergoes a coil-to-helix transition as potassium chloride is
dadde to solutions of the polysaccharide at pH 12.

The conformation of amylose in solution is still a matter of dispute. Our
hydrodynamic studies! ™ suggest that amylose behaves as a random coil in neutral,
aqueous salt solution, formamide, methyl sulphoxide, and 0.15M potassium hydroxide,
and that in these solvents the extensive intramolecular hydrogen-bonding which is
thought to be necessary for pronounced helical character is absent. However, it has
been suggested that the molecule may have considerable helical character, and still
behave as a random coil®~'°. In such an “interrupted helix”, the macromoleculeis
postulated to consist of helical segments, each containing 100-120 “anhydroglucose”
units, with short regions of random coil between them, the latter conferring the
flexibility necessary for the molecule as a whole to behave as a random coil.

This model of the interrupted helix was apparently confirmed by Rao and
Foster’ who reported that, when the pH of an aqueous solution of amylose was
varied, the limiting viscosity number of the amylose decreased to a minimum at pH 12
and then subsequently increased. It was suggested that in neutral, aqueous solution,
the model of the interrupted helix was applicable, and that on adding alkali the
hydrogen bonding stabilizing the helix was progressively destroyed, and the amylose
macromolecule adopted a more random, and compact, conformation. At pH 12, the
helical conformation was supposed to be completely absent. As the concentration of
*_Thi—s—is_l?art 61 in the series “Physicochemical Studies on Starches”; Part 60: Biopolymers, in
press.
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alkali was further increased, the hydroxyl groups underwent ionisation, swelling the
polysaccharide molecule, and thus increasing the limiting viscosity number. Later
work by Erlander®-'? purported to support this theory of a helix—coil transformation
for amylose, and it was suggested that the phenomenon was analogous to the chemical
melting of the o-helix in polypeptides.

However, the analogy is not quite so apt as might at first sight appear. In the
case of polypeptides, the limiting viscosity number increases on going from the helix
to the random coil, whereas in amylose it is supposed to decrease. Unpublished
calculations of Dimpfl, quoted by Brant and Min'*, supportt the intuitive reasoning
that the conversion of amylose helix into random coil, for helical contents of up to
90%, will result in an increase in unperturbed chain dimensions, and thus in an
increase in limiting viscosity number. A more serious objection was raised by Proc-
ter'?''3, who reported that the minimum in the limiting viscosity number as a
function of pH was due to the presence of supporting electrolyte rather than to pH
per se; in the absence of potassium chloride, no minimum was observed. In view of
these facts, it would appear most unlikely that a helix—coil transition occurs in
amylose at pH 12.

Our own interpretation of the exiensive hydrodynamic measurements that we
have carried out on amylose in neutral, aqueous salt solution is that the macromole-
cule has negligible helical content! 3. We have recently shown!* that a coil-helix
transition occurs in aqueous solution on the addition of complexing agents such as
iodine and butan-1-ol. This work has now been extended to alkaline solution, and
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Fig. 1. The effect on the viscosity number (7,,/c) of amylose in 0.01M potassium hydroxide of adding
(1) 3M potassium chloride in 0.01M potassium hydroxide, (2) butan-1-ol, and (3) 0.0IM potassium
hydroxide (control).
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the changes in reduced viscosity which occur on the addition to a solution of amylose
in 0.01M KOH of (/) 0.01M KOH+3Mm KCl, (2) butan-1-ol, and (3) 0.0Im KOH are
shown in Fig. 1.

The addition of potassium chioride to the solution causes an immediate, rapid
decrease in the value of #,,/c, in agreement with the results of Procter’?~!3. On the
other hand, the effect of butan-1-ol is somewhat slower, but the end result is a greatly
decreased value of 5,,/c, and finally the precipitation of the amylose as the butan-1-ol
complex. The line shown for 0.01M KOH is merely to demonstrate the slight decrease
in n,,/c which is a result of the dilution of the amylose solution.

The concept of amylose as a helical macromolecule was first advanced by
Hanes?'® to explain the blue complex formed on the addition of iodine. Freudenberg
et al.*® supported this hypothesis, because it would explain the ease of formation of
the Schardinger dextrins. Subsequent optical’”-*® and X-ray'®~2! work by Rundle
and co-workers confirmed the correctness of the Hanes model in both the crystalline
state and in solution. These studies refer only to the complexes of amylose, and not to
the polysaccharide itself. However, knowing the conformation of the polysaccharide
molecule in the presence of complexing agents, we may use this as a reference point
for deducing the shape of the polymer in other solvents by measuring the changes in
some hydrodynamic parameter, such as limiting viscosity number, which occur as the
complex is formed.

Fig. 1 shows that the addition of either butan-1-ol or potassium chloride to
amylose at pH 12 causes a decrease in the viscosity number, the value of which
eventually falls to approximately 50 ml.g™!. In caustic alkali at pH 12, amylose
undergoes solvent expansion?-*->, presumably due to the ionization of the hydroxyl
groups, and consequently the excluded volume effect is appreciable. One result,
therefore, of adding either butan-1-ol or potassium chloride to amylose at pH 12
would be to effectively suppress this ionization, and so cause the macromolecular
coil to collapse until it attained its unperturbed dimensions. Neutral, aqueous solvents
at room temperature provide thermodynamically ideal conditions for amylose—the
light-scattering, second virial coefficient is zero!*??, the exponent in the Mark—
Houwink equation has been shown® ™2 to be 0.50, the corresponding exponent in the
equation relating the sedimentation coefficient to molecular weight has been shown!+3
to be 0.50, and the mean-square radius of the polymer coil is proportional to the
molecular weight—and therefore the unperturbed dimensions are observed in these
solvents. For the amylose used in this work, the viscosity number in water and in
neutral, 0.33M potassium chloride is 70 ml.g™ *. It would therefore be expected that
the minimum value of the viscosity number in Fig. 1 would be 70 ml.g~1; in fact, it
is 50 ml.g~'. We must attempt therefore to explain, in conformational terms, the
changes that have occurred in the amylose molecule to cause such a profound altera-
tion in hydrodynamic behaviour.

The decrease in the viscosity number observed on the addition of butan-1-ol is
almost certainly due to the formation of a helical complex. Support for this contention
is to be found in our recent work'# with the identical sample of amylose, where we
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found a decrease in viscosity number from 70 to 50 ml.g~ ! on the addition of either
iodine or butan-1-ol to neutral solutions of the polysaccharide. In the case of iodine,
the minimum viscosity number was observed at an iodine concentration of approxi-
mately 19 mg/1G0 mg of amylose, i.e. at the saturation uptake of iodine. Rundie’s
work!7~2! shows quite conclusively that the complexes of amylose with iodine and
butan-1-ol are helical, and we conclude that the decrease of the viscosity number of
the polysaccharide to values substantially lower than that observed for amylose in
neutral solution is indicative of the assumption by the macromolecule of a helical
conformation. On this basis, the addition of potassium chloride to an aqueous solu-
tion of amylose at pH 12 must cause the polysaccharide to become helical.

Whilst it is in no way surprising that the addition of butan-1-ol to amylose in
alkaline solution should result in a helical complex being formed, the explanation
advanced here for the phenomenon observed on the addition of potassium chloride
to amylose solutions at pH 12 is novel and will therefore be dealt with in more detail.

It has been suggested?3:24 that the conformation of the constituent pD-glucose
residues in amylose is a function of the degree to which they are ionized, and calcula-
tions have shown?> that the unperturbed dimensions of amylose would be grossly
dependent on the conformation of the monomer unit. However, more-recent n.m.r.
studies®:27 have shown that the p-glucose residues are invariably present in the
CI(p) conformation. The observed solution behaviour of amylose must be explained,
in fact, without recourse to a model in which the constituent monomer units may
change their conformation.

Rao and Foster’ were the first to report that, under specific conditions of pH,
the viscosity number of amylose could fall to values much lower than observed in
water. They explained the phenomenon by suggesting that, as the hydroxyl-ion
concentration was increased, the forces stabilizing the helix collapsed, and at pH 12
the macromolecule assumed the form of a random coil, i.e. a postulate diametrically
opposed to that presented here. Their argument depends on the two premises, (I)
that amylose in neutral solution must be predominantly helical, because the addition
of iodine does not cause a measurable change in its viscosity®, and (2) that the change
noted at pH 12 was mediated solely by alkali. Both these premises have been
shown!2~ !4 to be incorrect; the first because Holl6 and Szejtli® graphed the relative
viscosity, rather than the viscosity number, and the second because Rao and Foster?
neglected the presence of substantial amounts of potassium chioride in their solutions.
Conclusions drawn on the basis of such erroneous premises must be regarded therefore
as of doubtful significance.

There are also two further, major discrepancies with the Rao and Foster model.
The first is that, within the limitations of the present theoretical methods for treating
the excluded-volume effect, the skeletal structure of amylose is the same in both
neutral, and alkaline, aqueous solution2-45, but completely different at pH 12 in the
presence of potassium chloride (and in the presence of complexing agents). On the
basis of the Rao and Foster model, one would expect the similarity to be between
conditions at pH 12 plus potassium chloride, and higher pH values, with amylose in
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neutral solution presenting the unique case. The second discrepancy is that, accepting
these authors® model, it has to be concludzd that the hydrodynamic behaviour of the
alleged coil is, by chance, identical to that of known-helical complexes.

The possibility has also to be considerad that the phenomenon of spontaneous
crystallization, or retrogradation, has affected our observations. Indeed, Schoch et
al.?® have suggested that the results at pH 12 in the presence of potassium chloride
are due largely to retrogradation of the amylose. Retrogradation is a complex phenom-
enon, depending on many parameters such as pH, molecular size, concentration,
and temperature, and by judicious choice of these variables, we have never found
retrogradation to occir in our solution studies. In the present instance, we have found
that the amylose may be precipitated at pH 12 by further increasing the concentration
of potassium chloride, but this material is readily soluble in water. This behaviour is
similar to that exhibited by the helical amylose-butan-1-ol complex, and it is well-
known that retrograded material, on the other hand, is characterized by its insolubility
in water.

We suggest that the results presented here are in agreement with the following
conformational states of amylose in various aqueous solvents:

Random coil in
neutral aqueous

salt solution
/ \ Helical form in
Expanded coil in (1) a neutral solution-complexing agent

alkaline solution (2) an alkaline solution +complexing agent
(3) 0.01m KOH 0.3 KCI.

In going from neutral solution to alkaline salt solution, amylose undergoes a coil to
helix transformation, and not, as postulated by other investigators, a change in the
opposite sense.

It should be noted that, recently, Brant and co-workers?®~ 3! have concluded,
on the basis of both experimental evidence and from computer model-building,
that amylose in aqueous solution behaves as a statistical coil with no helical character,
unless complexing agents are present; this conclusion fuilly supports our own
work? 7314,
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