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OEH H/>L I^TRO; UCTIO??.

Starch is a polymer of glucose which acts as a food reserve

polysaccharide! in plants. It is stored in granular form in the

seeds, roots or fruit, hut is eazyiaic liy hyorolyssed and

transported to the required part of the plant when required for

nutrition.

S.,nee the beginning of the century starch has been extensively

studied, and the general morphology of ..the granule was soon

established. Although the hat<rogeneous nature of starch has been

questioned by sever .>.1 workers, ant; the bulk of. the experimental

eats support© the mux ticopponent concept, it w..s not until 19--2

that starch was fractionates satisfactorily into two chemically

distinct components. These were subsequently called amylose ant.;

taiuyxopectin (la).

The. sain structural features of these polysaccharides were

soon determined by organic chemical methods, ana it w.»s found that

both were polymers of B-giuoopyranose units joined mainly by

4—*!-<*. -i-.glycoside linkages* Amylose was found to be an

essentially linear molecule, whereas amylopeoiin possessed a highly

ramified structure with branching through -1 -glycosibic

linkage®.

One important problem which arises from this discovery is the

manner in which the two components are associated and distributed

in the gr nuie. ahe purely chemical approach to this, and many

other problems in starch chemistry, has been m,*- e by the Majority
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of workers, am further ma^or advances using these completely

chemical techniques seem unlixeiy at present .(lb)«

Physical methods for measuring the size and shape of high

polymers, (having now been placed on a sound theoretical basis),

have become increasingly important in recent years. The first

section of th.i_s thesis describes a number of these methods which

have been applied to the starch components, and subsequent sections

contain the results obtained. The second section deals with the

fractionation of potato starch, and in it is established a method

of obtaining the components in a pure and relatively unaegraued

form; it also contains tin analysis of subfractions which are

obtained during fractionation. In section III the effect of

dilute aoici on the whole granules is studied and the extent of

degradation of the components determined. The results obtained

are discusses in relation to current theories of granular structure.

Section I¥ is ooncernea with the hy&rodyn&mio properties of the

separated components, while section V deals with the detailed

mechanism of the degradation of amylose by A -amylase.
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The average molecular weight of a high polymer can be defined

in several ways due to the fact that th© polymer usually consist©

of a mixture of macromoleeules of different sis.es. Chemical and

physical methods can be used to evaluate the molecular weight of

a polymer, but chemical techniques are suitable only for values

below 25*000 and are not considered here*

Colligative .methods of molecular weight measurement depend on

the number of molecules present and yield a number average molecular

weight which is aefined as —

i . *«• *t - ™aber i of «M
S ni mi " m°i®cuiar weightjithspeci)

The most widely used colligutiv method is osmometry.

Methods depending on the weight of the particle present, such

as light scattering ana sedimentation velocity give a weight average

molecular weight

s v>,8M » £-£—
2 Yi

Viscosity measurements, to the first approximation, give a weight

average, but strictly speaking a viscosity average is obtained, which

is defined by Plory (2) as -

M «
V

2 constant and when

EViJ i# «v - «w
A *Z average* molecular weight can be obtained from sedimentation
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equilibrium which is represented by

Svi3
M S ■ ■■ 1 \

£ nimi

A polymer can thus have a number, weight or 2 average molecular

weight, depending on the method of measurement. In general

and the magnitude of the difference in the values will

depend c t the polymolecularity of the sample, {Polymolecularity

is equivalent to molecular weight distribution,) Thus the narrower

the distribution the closer the values become, and vice versa.

The physical methods used - viscosity, osmotic pressure and

sedimentation velocity - all depend on changes either in the

thermodynamic properties or the kinetic behaviour of the polymer

solutions. Measurements must be carried out, however, at low

concentrations and extrapolation of the results to infinite dilution

is always necessary. The methods depend on the individuality of a

polymer molecule in solution, and «ggr» gates of any kind must be

avoided. As this tendency may be pronounced in concentrated polymer

solutions, measurements must be carried out at concentrations as

dilute as possible and. certainly below 1£,



5.

1, VISCOSITY.

Introduction,

A characteristic of laaoromoiecules is the high viscosity of

their solutions, The relative viscosity of a very dilute polymer

solution depends theoretically only on the total volume and shape

of the dispersed material, Thurs changes in the relative viscosity

under various conditions indicate changes in bulkinese and shape,

The most important quantity in the study of the viscosity of

polymer solutions is the specific viscosity p) which is defined
** T 4$ * *Z r ~ 1 The relative viscosity (^r) 4* aefined as the
increase in viscosity (^ ) of a solution, over that of the pure
solvent ( *^0).
1. The effect of concenti'atioii on ( Bp) •

Einstein (3) showed that for a dilute suspension of rigid

spheres

0Bp " 2,5 Sy •«« ,,, 1,
where Qv - the volume fraction of the spheres, independent of sis;©.
This simple equation was ©attended to embrace higher concentrations -

^sp * 2»5 c ♦ 14*1 c •», 2,
This relationship can be represented as

"}sp " Ao* Al° * l2c? * a3°3 * ••• 3*
where c » concentration and AQ must be zero, since the specific
viscosity of a pure solvent is also zero, by definition.

Thus for dilute solutions we have the simple relationship -

W = A1 * A2C **• 4#
(c ^ 1 g,/100 ial^)



from which a plot of limiting viscosity* against c, on extrapolation

to infinite dilution, will give a straight line of intercept A^f ana
slope ag. this intercept a , called the limiting viscosity number*
Bfl by Kraeiaer (i), is directly relateu to the characteristics of

the polymer, and was defined by him as

It was later shown by Hug?ins (5) that 4, is related to A? and his

modified equation may be written -

where k* is believed to be some parameter of the polymer-solvent

interaction,

2, Molecular Weight determination.

The viscosity method is by far the simplest used in molecular

weight determinations involving dilute polymer solutions, but it has

the disadvantage that it is not absolute, and it is necessary to

correlate the results obtained with other absolute methods.

Stauoinger, by visualising linear macromoiecules as stiff rods

in solution, was the first to point out that the limiting viscosity

number is a linear function of the molecular chain length and

proposed the equation -

[7!" Lu
c—»o

7V0 " &j3 • • • 5

6

where K » cons.ant and M • molecular weight.

* i.U.l.a.c. nomenclature, J. Polymer 3ci., 8., 2l)7, (19!>2).



This equation was obt -inea for polymers of relatively low

molecular weight, and a more general equation was proposed by

Mark (6) and Houwink (7)

0j]« KM* ... 7
where ft is another constant which equals unity in equation 6.

This exponent 01 is m function of the geometry of the molecule in

solution and has values between 0,5 and 2*0 for tightly curled and

rigidly extended molecules respectively (8)* This equation covers

viscosity-molecular weight relationships for a large number of
4 * 6 1

polymers in the molecular?weight range 10 to 10 *

The constants & :*nd ft may be found by carefully fractionating

a polymer into samples of its different molecular weights, and

determining the value for each by a separate absolute method which

preferably gives a weight-average molecular weight* A plot of

log vs log M then gives a straight line of slope ft and intercept

K on the log [Ij] axis*
The constants must be determined for each polymer-solvent

system*

3» The effect of aise and shape.

It is important to know the approximate shape of a polymer

molecule in solution* Viscosity measurements give some idea of
, , * * y

this anti if the two extreme case® of a rigidly extended chain and

a tightly curled chain are considered, it is obvious that

molecules of equal molecular weight will offer different
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resistances to solvent flow; extended molecules will hav higher

viscosities due to their shape, which will sweep out a larger

volume in the solvent compared with more tightly curled molecules,

Simha (9) deduced the equation -

<7Vc J- + ♦it ... 8
<ep 15(ln 2J - 3/2) 5(ln 2J - 1/2) 15

which relates (J) the axial ratio (i.e. length/diameterj to viscosity.

This equation faoluo for rod like particles exhibiting strong

Brovmian movement with axial ratios much larger than unity.

The most probable shape for a polymer in solution is thought,

however, to be a r. floors coil with not a fixed shape but rather as

a "time average configuration'*. i'hia relatively simple concept

is complicated by the possibility that solvent molecules may be

trapped or immobilized in such a coil, and calculations are based

on modifications of either free draining or mattfd coils.

When the solute molecule is large and Browaiaa movement

predominates over velocity gradient, the limiting viscosity number

may be related to molecular weight by the following equations

deduced by Huggine (10) and lebye (11)
2

for a rigid rod a k^n ,,, 9
for a free draining coil « k2n ,., 10

for an impenetrable sphere a k-,n° ,,, 11

where n - the number of hyurodynaiaic units per chain and hence is

proportional to molecular weight.

These have been modified to give equation 7, i.e.
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in which OC varies from 0 to 2, The mathematical derivation of

equation 7 requires the polymer to be monodisperee, a condition

rarely met with in practice.

The above equations, which are mainly empirical, may soon

be superceded in use by the theory of Plory and Fox (12), As

limiting viscosity number has dimensions of volume per unit weight,

it is considered to be proportional to the "effective volume" of

the isolated macromolecuie in solution divided by its molecular

weight. This so-called "obstructional volume" s proportional

to the cube of a certain linear dimension of a randomly kinked

molecule.

fiory and Fox proposed that the cube of this critical length

(i.e. the root mean square end-to-end distance) - (i2 )^2 be split
—' 2 '\/?

into two factors - (a) (rQ )J/ ' which is the unperturbed value of
—2 ->/2 3
(f )# ana (to) 01 J a volume expanding factor by which the linear

dimensions of the molecular chains are increased owing to

intramolecular interactions (i.e. (r2)^2 m (rQ2)^2, (X \ )
The Stauainger equation can thus be modified to give

tj] « K &l/2 OC3 ... 12
where K = ^ (r 2/U)^2

The volume expansion factor can be defined by the equation -

a5 - OC3 « 2 Qm v|/ ( 1 - ®/T ) M1//2 ... 13
where \|/ » entropy parameter? (i - ^T) ® heat of dilution term.
C ■ constant,

m
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0 is that temperature at which & , in an inactive solvent,

is unity, regardless of the molecular weight. At this point -

the Flory or Theta point - the molecular dimensions are unaffected

by chain segment interaction. The parameter $ is essentially
independent of molecular weight and solvent, and has a value of

Ol m

2.1 i 0,3 x 10' ( r expressed in cms, and [OJ in gm./lOO ails.).
Thus at the 0 point, [^] determines the molecular weight according
to

• X - 2.1 x 1021 (rQ2/M)3/2,M1/2 ... 14
This theory, however, requires a knowledge of (r') from light

scattering data to supplement viscosity measurements,

4. Apparatus and procedure.

Measurements were carried out using a modified Ubbeiohde

viscometer (13) with a minimum working volume of 10 mis., see fig. 1.

The apparatus was clamped firmly in a vertical position on a brass

stand and determinations were carried out in a bath therasostated

at 22.5 ± 0.001°C, The solution was added by pipette down tube A

and by closing tube B with a ground glass stopper (B 10), pressure

could be applied at the top of A, thus transferring a quantity of

liquid to the bulbs above capillary C (0,4 im„ bore). The pressure

was then released, the stoppers removed, and the time required for

the liquid level to pass two marks (one above and one below D) was

measured. A stop watch, reading to 0.05 sec., was used and the

flow time of the solution taken as the mean of several of these

observations.
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FIG 1
The Modified Ubbelohde Viscometer.

<. *

( ? \
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Dilutions were made in situ by adaing a given volume of solvent,

by a pipette, down tube A, and the solution was mixed by blowing

gently down tube B a number of times,

5. Solution preparation and concentration estimation.

Solvent and solutio.. were uoth filtered carefully through grade

three followed by grade four sintered glass filters to remove duet

ana debris which would block the narrow capillary.

The solvent used for the unsubstituted starch components was

M-potassium hyaroxide, whilst chloroform was used for the acetylated

derivatives. For amyioses, a portion of well-centrifuged butanol-

complex was dissolved oireotly in alkali and the concentration

determined by the method of Lampitt, Fuller and Goton (14), details

of which are given below. The dehydrated aiaylose was not as

readily soluble in the solvent and use of the former was avoided as

much as possible. Amylopeotin solutions were prepared by weight,

after drying the sample for several hours in vacuo at 70° to remove

all traces of moisture. Determination of the acetate concentrations

was as described in the Osmometry section (see p. **)♦

6. Concentration estimation by hycrolysls and reduction (14). A

measured volume of solution containing 1 to 4 mg, was neutralised

with sulphuric acid in a 6" x 1" quickfit test tube. To this was

added 3$ sulphuric acid ( 1 mi.) and the tube was then placed,

complete with stopper, in a boiling water bath for 2 hours. Under
these conditions the starch component was completely hyurolyzed to
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glucose. The tubes were then cooled, two drops of bromocresol

green added, and the acid was neutralised with potassium hydroxide.

(M~ followed by 0,1M- solutions.)

She reducing power was then determined by diluting the

hycrolyzate to 10 mis, and adding 5 mis, of a mixture of equal volumes

of potassium ferricyanide (8,25 g. in 500 mis, of water) and sodium

carbonate (10,6 g, in 500 mis. of water). A blank was run with the

reagents only. The tubes were stoppered and placed in a boiling

water bath for 15 mins, exactly. On removal they were placed in

cold water for 10 mins., 5H sulphuric acid ( 5mls.) added, and finally

the solutions were titrated with 0.01 or 0.02N eerie sulphate using

two drops of xylene cyanol F.F, as indicator. The colour change

was from sage green to whisky yellow.

The method was calibrated initially using a standard glucose

solution and eerie sulphate, which had been standardized using

ferrous ammonium sulphate.

The results are shown below and the method of least squares

was used to obtain the best straight line, see Fig. 2.

Wt. of Glucose (rng.) tltre.

Y.
0.501
0.501
1.002
1,002
1.503
2.005
2.005
2.506
3.007
3*007
3.508
4.009

24353

X,
0.95
1.04
1.59
1.69
2.57
3.11
3.13
4.33
5.00
5.03
5.90
6,16

4333
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By the method of least squares if Y • aQ ♦ ai^» *ken
2(Y) - a0n -aj£(I) - 0
2(XY) - a02(D - a^^EU2) - 0,

where n * the- number of points considered.

Hence it was calculated that

«•# ai "* 0,6X7 and aQ •» -0.03
y - -0.03 + 0.617 x.

As the intercept is so small it is reasonable to assume that

the graph goes through the origin. This equation holds for

exactly 0.G2N eerie sulphate, and requires an accurate

standardization of the reagent. To remove this source of error,

the glucose was calibrated directly against eerie sulphate titre

and the working factor was expressed as mg, anhydroglueose per

ml. of eerie sulphate.

The accuracy of the method was checked using A.H. soluble

starch. A quantity of starch was dried and weighed accurately

before being subjected to the above treatment. Percentage

recoveries varied from 98 to 102, and these figures were taken

as the limits of accuracy for the method.

7• Kinetic energy correction.

The viscosity of a given volume of liquid flowing through

a capillary viscometer is given by the equation

<7 * Kdt - — • • • 15
* t

where K and B are constants? d » density of the liquid,
t * time of flow. In order to reduce th© value of B, the



14,

kinetic energy factor, the flow time t should exceed 100 sees, in

a hath regulated to 2 G,02°C. To determine the significance of

this factor, the time flow of several solvents was measured, the

solvents used were water, butan-l-oi, benzene, and acetone, and

the average of four timings was taken for each liquid. From

these results the kinetic energy factor B was calculated using

equation 15, She value obtained was small enough to be neglected

for this viscometer.



2 15.

2* QSMQMETBY .

1, Introduction and Theory.

The most satisfactory coiligative method for estimating the

number average molecular weight of a polymer, is the measurement of

its osmotic pressure,

The basio thermocynasiic equation involved relates the osmotic

pressure (3C ) to the chemical potential of mixing of the solvent

toy

16

where is the partial molar volume of the solvent. (See Tompa -

"Polymer Solutions", Butterworth»s Sci. Pub. 1956).

This equation assumes that the membrane le permeable only to

solvent and the chemical potential of the solvent in solution is

less than that of the pure solvent* Thus a pressure must be

applied to the solution to equalise the chemical potentials, and

this is the osmotic pressure.

Equation 16 may be written as
pro „0

35 « •— * log * # * 17
Ti p

where p° and p are the vapour pressures over the pure solvent and

solution respectively.

This can be simplified to the classical van*t Hoff equation

by assuming the solution to be dilute and to obey Baoult's law,

whence

Am ££ 16
C H

where C «• concentration in gm./co.; M m molecular weight of solute.
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3E
Equation 18 indicates that in the ideal Ca.se -i~— is independent

of concentr .tion. Shis relationship, however, does not hold for

solutions of aacromolecules at finite dilutions, and * f(c).

By choosing a suitable solvent and determining X at several

concentrations, the graph can be extrapolated to infinite dilution.

The intercept produced on the axis is directly related to the

molecular weight of the solute by

fif
1 • f g iy • • • 19

lim G —*0 I cj

Equation 19 has been derived theoretically (15, 16) from the

statistical theory of polymer solutions, which explains deviations

from the van*t Hoff law where ideal entropy of dilution and zero

heat of dilution were assumed, both unlikely suppositions in the

case of polymer solutions.

It has been shown by Elory (15) and liuggins (16) that for

flexible linear macromoleoules which have a small heat of solution,

an equation of the form

-y* • + Be Qe2 + ... ... 20

hold© at solute concentrations of less than 1£.

If the heat of dilution is not zero, it is assumed by analogy

with simple solute systems that

All « Kv2 ♦ K'v3 ... 21
o

where v » volume fraction of solute which is proportional to c at

low concentrations, so that
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m §£ 4 (B - K)C4 (C - K•) o2 ... 22
which reduces to the vmH Heft equation at infinite dilution

M Q-ttl* /) nfifi «• _ • • • ,3

7
(R is expressed in c.g.s, units - 8,315 x 10' ergs/aeg./aole. ft is

in dynes/cm j c in g,/cc, and 1* in degrees absolute. The osmotic

pressure is observed in cms, of eolvent h, so

ft m h,X)^.g'. ,,. 24

l)Q m density of solvent at T°A and g * gravitional constant *
2

981 dynes/cm".

If the concentration oQ is measured in g./lOO o»* then
co

100 *# *

and / q \
* (h~) Xoo"!

o

*

R T

WTi.

25

26

2, Eteasuremeav of Osmotic Pressure.

Although osmometry possesses a sound thermodynamic basis, the

actual experimental techniques are not so simple. Difficulties

arise in (a) the preparation of semi-permeable membranes, which

must be able to hold back low molecular weight species, and (b)

the measuring techniques which must be sensitive enough to measure

small pressure©, ...he most favourable range of molecular weights

is 40,000 to 500,000.

Actual measurements may be made either (a) dynamically or

(b) statically.
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(a) The classic aethou.

This involved setting the initial pressure within about X cm,

of the expected final value. When thermal equilibrium ts- attained

the pressure change is followed as a function of time, and the

asymptote to the curve is taken &a the equilibrium osmotic pressure.

The operation is repeated on the same solution by altering the

osmotic pressure head so that it is op.©site to and equidistant from

the asymptote relative to the first curve. the equilibrium osmotic

pressure is obtained and the mean of the two curves is plotted giving

a value approximately equal to their mutual asymptote.

(b) The static me shod.

Here the development of osmotic pressure is observed as a

function of time until equilibrium is reached. It is slower than

the dynamic method, but it is more accurate and rev-"uls whether or

not solute permeation is occurring. This method was used,

Limitations in the method. ~ The permeability of the membrane to

the solute limits applicability to low molecular weight material and

the method is not practical below 40,000.

3. Apparatus.

The osmometer described by Gilbert, Gruff-Baker and Greenwood (1

was used (See fig. 3). It wui-, m&$t of nickel-plated brass, the

lower solvent coil being connected to a precision bore capillary

(0.4 ma. bore) and the upper cell to both the m curing capillary

<1. 0 mm. prec. bore) and the filling tube (2.0 mm. bore). Each



JS.a-

_FIG 3

Gilbert, Graff-Baker, Green wood Osmometer
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capillary was fitted with small annular cups filled with solvent,

which acted as sacurators to reduce evaporation. Small glass

places were placed on the capillary heads, each plate being grooved

on the underside to ensure that atmospheric pressure was maintained

in the capillaries.

As the fractions to be measured had high molecular weights,

pressures of the oraer of 0,1 mm, had to be measured and accuracy

depended on sensitive thermosdating and a rigid membrane,

The apparatus was placed, therefore, m a bath thermoetated

at 22,5 - 0*001°G, ana the liquid levels in the osmometer were

measured by a cathetometer reading to 0,001 cm.

4, Assembly.

The lower block was filled with degassed solvent and the

membrane inserted, whilst ensuring that there were no air bubbles

trapped underneath it. Three pins held the membrane central

while the upper cell was lowered into place. The twelve nuts and

bol a were then uniformly tightened. Before placing the osmometer

in the thermostat bath, the three pins were removed, and the excess

solvent crained off,

5# Preparation of the membrane.

The membranes of either No, 300 or No, 600 gel-ceilophane,

were stored before use in water containing thymol. They were

dehydrated and conditioned to solvent by consecutive washings in

(a) acetone-water (Is3) - 1 hour, (b) acetone-water (ill) - 1 hour,
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(c) acetone-water (3:1) - 1 hour, (d) acetone - 2 hours, (e) acetone-

chloroform. (1:1) - 2 hours and finally (f) chloroform - overnight,

6, Prooedur®.

The aeetylatea sample (150 mg,) was shaken with chloroform

(15 - 20 mis,) for at least 1 hour. The solution was then passed

through a grade two sintered glass filter* poured into the

apparatus, and mixed thoroughly. The annular cup© were cleaned

out and filled with solvent.

By applying pressure at the top of the larger solution capillary,

liquid in the solution cell oould he transferred to the eup at the

top of the smaller solution capillary. The contents could then he

withdrawn ana fresh solution© placed in the cup, mixed by oscillating

between the cell and the eup, ami then run carefully into the

solution cell, as bubble formation had to be avoided,

Alternatively, portions could be withdrawn for concentration

determination and more solvent added to dilute the solution, followed

by mixing as above. The annular cups were then cleaned out and all

the saturators filled with solvent. The glass covers were replaced,

and time was allowed for temperature equilibrium to be reached before

measurements were made.

Before the solution was added the cell constant was determined

using pure solvent. This was necessary as the solvent and. solution

capillaries had different bores, hence a difference in the solvent

height wae obtained. The constant was approximately 1.3 cm, when

chloroform was used as solvent.
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7. I ensity Correction (17).

Experimentally the osmotic pressure is measured as the different

in height of a column of solution and a column of solvent. When

calculating; the molecular weight, however, the osmotic pressure is

expressed as solvent height and so one must correct for the different

densities of the two liquid columns. This can be carried out using

_ d
cor m b* -p - &0 .•. 27

o

where h and h are the respective heights of the solvent andG S

solution columns, above the level of a horizontal membrane (or the

centre point of a vertical membrane) (17). d and d_ are the
Q B

densities of solvent and solution respectively,

flow the density of a solution is given by

as - <s0 . 0 ••• 28
d m density of solute and c •» concentration in g./lOO mis, of

solution, and substituting in 27 we have

K * hvcor s ^ 4 cfo - Ppiac 100 d.d^
- ho

h_c(d - &_)
a h <♦ —B Qr*- mm ft

B IQQc.d 0
0

* ^"obs * VK •••

By measuring the density of a solution of known concentration

using a pyenometer, the solute density can be calculated from

equation 28, and from that the value of K.
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8, Concentration estimation.

Duplicate sampler { 1 ml,) were withdrawn at the end of each

measurement, transferred to a weighing bottle and weighed. The

material in solution was precipitated with 60 - 80° petrol ether

( 5 mis,)| uwo thirds of the volume was evaporated. Petrol ether

(5 mis,) was aaaed again and the solution evaporated to dryness*

The precipitate was dried in vacuo at 80°C (17) for 8 hours then

weighed, and the concentration of the solution determined from

Concentration - ^'o^eolutlon * Density of solvent.
The drier consisted of a tube surrounded by a heating element

and asbestos packing, ana could be attached to a vacuum line. The

usual heating temperature was 70 - 80°0,
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3* ion v ,;iocity.

Introduction.

When solid particles are suspended in a liquid medium they will

tend to settle out under the influence of the earth*s gravitational

field, Wi ,h materials of colloidal dimensions, however, force

fields many times greater than gravity are required in orcer to

overcome diffusion and promote a measurable sedimentation rate

which will toe proportional to the molecular sisse. The easiest

method of achieving high force fields is toy centrifugation at high

speeds. The technical difficulties involved were solved toy

Svedberg (20) and his co-workers in Uppsala, who designed

ultr centrifuges capable of proaucing force fields up to 250,000 g*

1, Theory of regimentation v:locity.

If a homogeneous polymer is dispersed in a solvent of different

density and spun at a sufficiently high force field in the

ultracentrifuge, the material will sediment in the direction of the

force field. The rate of movement of the particles in solution

depends on the particle size, shape and density, the density and

viscosity of the medium, and the magnitude of the gr&vitiomal field,

assuming that no oonvectional or electrical forces interfere with

its motion,

Svedberg showed that the rate of movement of the molecules can

toe me eured provided c-rtain condition® are fulfilled. One essential

requirement is that sedimentation should be carried out in a seotorial

shaped cell spun in a radially directed centrifugal field. The two
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flat walls of this cell, if extended, would intersect the axis of

rotation, the angle subtended being 4°; the other two walls are

perpenuieular to the axis. This ensures that molecules originally

close to the walls will ©eoiment parallel to these walls and

disturbances caused by collision with the cell side is avoided.

The movement of a sedimentation boundary in a centrifugal

field was defined by Sv-edberg as

(log X2 - log X,) •
S w y" # • • 30

w (t2 - tx)
f$9 * angular velocity in radians/sec, ( s 2 TT x r.p.s,)
x m mean distance in ems, of the boundary from the axis of rotation

at time t,

s » sedimentation constant, i,e. 1 Svedberg (©} • 1 x 10""^ units*
As s usually varies with concentration, the experimental

values are extrapolated to infinite dilution giving s ae the

characteristic value for the polymer. For the purposes of

comparison, the sedimentation constants are reduced to values

corr ©ponding to the conditions which would be obtained in a

hypothetical medium with the viscosity and density of water at

20°0 (swiu). The equation (20) used is

fw20 _ 7 U ~ .Tftiffl? ... 31
8 7»20(1 " VP"'

where y is the viscosity of the meoiurn, V «■ partial specific volume
of solute, (0S and £>w20 are densities of solvent and water
(at 20°) respectively.
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2, i'-^olecular weight ceterminativrt (20).

The force on a molecule seoimenting in a centrifugal field is

balanced by the frlction&l force, hence

W ( 1 - V£) iXTx m f ( dx/(it ) ... 32.
where M « Molecular Weight and f » frictionnl coefficient/mole ?

£ m Density of the solution? V • Partial specific volume of solute,
This may be rewritten as

1 . Cix E tfi ( 1 - Vp) ... 33.
at f

Now the Svectberg equation may be written as

g at —4— * ... 34.
U9 x bt

and the friotional coefficient is inversely proportional to the

diffusion constant in a dilute solution

f - —£ ... 35.
1)

so that the molecular weight may be calculated from the following

relationship

M . - ... 36.
1) ( 1 - )

D = Diffusion constant; B » 8,315 x 10^erge/deg./moie?
T = Absolute temperature.

3• Concentration ouri u eeaimentation (20).

As the solution is contained in a sector shaped cell, a uniform

decrease in concentration occurs curing centrifugalion. The

relation between the concentration of a particular component in its
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plateau region at any time t, ami the original concentration cQ is

°t - °o( VV* ••• 37.
x and are the respective radial distances of the boundary at

zero time (iseaisous),and at time t.

In practice it is usually sufficiently accurate to use

ct ■ c0( x/2? 38.

(x/2) being the average distance the peak moves during a run.

4. Sedimentation of filamentous molecules.

The sedimentation of a compact spherical molecule is described

by Stokes law.

f0 • 6*17 Kr ... 39
where ^ • viscosity of the medium; tQ m molar frictional coefficient?
r * radius of the particle = (3 MV/4TT N • voguuro•• number.

The sedimentation constant is related to f, which is a function

of shape and solvation by equation 30. An unayametrical particle,

with the same weight and density as a given sphere, will off r a

stronger resistance to any displacement in solution, thus its

frictional coefficient (f) will be greater than (fQ) for an
equivalent sphere. Thus (f/fQ) is a measure of the asymmetry of
a molecule, and can be influenced, not only by the shape, but also

by the extent of solvation, which will swell the molecule. The

frictional resistance is not determined solely by the shape of a

single molecule, but is influenced by the surrounding molecules in
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solution. Thus the higher the concentration of a solution, the

greater (f) becomes, and s will he correspondingly smaller,

Kuha and Kuhn (21) considered the statistical shapes of

thread-like molecules in solution. They studied the two extreme

cases in which (i) the iinas of the chain are large enough to permit

free flow of liquid through the molecule - "a free draining; coiiw

and (2) the compactness of the molecule prevents liquid flowing

through - "a matted coil1*. For a frees draining. coil f is proportional

to the molecular weight, and as the centrifugal force is proportional

to the molecular weight, the chain length will not influence the

velocity in a centrifugal field, i.e. f W and S « constant. The

frictional resistance of a matted coil, however, is proportional to

the average aiaeneiom* of the coil and it - en..-wn that f

whence s ** K1/2, the. expression for the sedimentation coefficient

being obtained from equation 30. s = E(1 - ¥p)/f. Thus if a
molecule is stiff due to s eric hindrance or solvation, or has a

small P.P., then a free draining coll will be the model to fit the

facts.

5, Concentration dependence of a.

In sedimentation, conoentr tion dependence is connected with

molecular entanglement, solvation and hytirodynamic interactions to

which the molecules are subjected in solution.

For threadlike molecules this concentration dependence is not

in evidence at high concentrations, but at a certain lower value a

sharp upward curvature is obtained as s increases with decrease
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in c. This is especially true for high molecular weight material.

At high concentration© the probability of molecular entanglement

is greatly increased, so that the molecules lose their individual

character and there is no free sedimentation. As the concentration

decreases, however, the molecules begin to move more freely, and

their velocity increases rapidly. With marked concentration

dependence, extrapolation to infinite dilution is made more .difficult,

and, as (da/do) is greatest at the lower concentrations, accuracy

diminishes with dilution.

Many attempts have been mad© to deduce mathematical expressions

which would fit concentration dependent data. Signer and Gross (22)

found that 1/s was a linear function of c for polystyrene in

chloroform, and hauffer (23) found that this also held for tobacco

mosaic virus. Gralen (24) proposed the equation

s » -2 ... 40.
1 4. K c

where K is a constant oharucterizing concentration dependence.

Newman, loeb and Conrad (25), when studying nitrocelxulose, found

that a plot of 1/s against c did not give a straight line, and they
2

proposed an alternative plot of (i/s - K*c )against c. Juliander (26)s

plotted s^q x^rei against o to facilitate extrapolation to sera
concentration. However, all the above relationships are purely

empirical and no equation has yet been deduced mathematically to

describe the concentration dependence of all linear macromoiecuiee.

Most polymers studied are polymolecular to a greater or lesser
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degree# When a polymer exhibits a concentration uepenttemee, the

larger and more rapidly sea lamenting molecules will move into regions

of higher concentration which will reduce their speed; the smaller

molecules will lag behind and so travel in a sore dilute solution and

&e a result accelerate, The overall effect will be a sharpening of

the boundary and at high concentrations this may be so pronounced as

to produce a single line Instead of a peak on a sehiieren diagram,

6, Apparatus and Procedure .

The instrument used was a Spineo electrically-driven, model E

uitraoentrlfuge, in which the drive motor (12,000 r.p.m.) is connects

to the drive shaft through a direct step-up gear box (lt6), and this

gives the machine a routine ruonihg speed of 60,000 «p.m. The

solution to be analysed was contained in a cell in which a sector

shaped centre-piece was clamped between two quarts discs. These

pieces were all firmly enclosed in a cylindrical ceil housing.

After ceil assembly the solution was injected into the cell centre¬

piece through a small hole by means of a syringe and needle. The

cell capacity was approximately 0,8 ml.

For analysis, the cell was fitted into a hole (1" diaai,) in the

rotor (?£*)» together with the cell counterpoise; the rotor was then

placed in a heavy steel vacuum chamber where it wme suspended from a

flexible steel wire drive shaft (l/lO**), It was thus self

.balancing and ttlCIBOllJ isolated. Pressures of 1^ and less were
obtained by means of an oil diffusion pump backed by a rotary vacuum

pump, and runs were carried out under high vacuus to reduce thermal
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24 23 22 21 20 19 18 17 16 15 14

Fig. INSTRUMENTS AND CONTROLS OF
MODEL E ULTRACENTRIFUGE

1. Drive Motor Voltmeter 18. Viewing Screen Push Button
2. Individual Speed Selector Knob 19. Vacuum Gauge Switch

3. Tachometer (Rotor Speed in 1,000th RPM) 20. Braking Rate Switch

4. Drive Motor Ammeter 21. Lightsource Intensity Switch
5. Drive Motor Voltage Control Knob 22. Lightsource Water Valve and Lightsource Switch
6. Vacuum Indicator 23. Diffusion Pump and Drive Motor Cooling Water
7. Thermocouple Meter Valve and Diffusion Pump Switch

8. Viewing Screen 24. Vacuum Chamber Air Valve and Vacuum Pump
9. Schlieren-Diaphragm- Angle Adjustment Knob Switch

10. Reference Thermocouple Thermometer 25. Vacuum Chamber Hoist Switch

11. Schlieren-Diaphragm-Angle Indicator 26. Vacuum Gauge Adjustment Knob

12. Photographic Plate Position Indicator 27. Refrigeration Switch
13. Slot Receiving Photographic Plateholder 28. Exposure Time Adjustment Dial
14. Plate Shift Push Button 29. Time Switch

15. Plateholder Travel-Direction Switch 30. Exposure Interval Selector Knob
1G. Thermocouple Selector Switch 31. Speed Range Selector Knob
17. Automatic Photo Switch 32. Speed Setting Indicator
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disturbances. Kotor temperatures were recorded before and after a

run by means of a contact thermocouple.

Sedimentation boundaries were detected by means of a Phiipot-

Svensson (27) optical system. In thin, light from a slit source

is made parallel by a colligating lens and directed through the

cell. In the region of the seaimenting boundary the light rays

are deviated, due to the different refractive indices on either

side of the boundary, aft r which they are converged by a condensing

lens and reflected by a mirror onto an inclined bar as an image of

the slit source. the light then passes through a camera lens and a

cylindrical lens before being r fleeted onto a viewing screen any

photographic plate, as a schlieren pattern,

7. Calculation of secimentatiou co-- ffioient.

Photographs of the sedimenting boundary were taken at various

time intervals, and the distance from a reference line (5.73 cms.

from the centre of rotation at 60,000 r.p.u.) to the mean of the

peak was measured by means of a two-way travelling microscope. This

was corrected for camera magnification M (2.215) and then converted

to distance from the centre of rotation (x), Log x was then

plotted against t any & calculated from, the Svedberg equation.

_ 2.303 . d log x,
"

^2 „ •••

lO was obtained by timing the r<volutions at the beginning ana end

of the run, and taking the average value. s values were corrected

for temperature, then converted to b^uw by equation 28, and
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extrapolated to infinite dilution to give sQ (usually written as

%>•
The solvent used for unsubstitutec! amyios© and amylopeotin was

0.2M-K0H and so a special alkali resisting centre-pieoe (Kel - F)

was used*

In usesi oases a 12 jam. cell was used but latterly a 30 she. cell

was also tried. As the path length through the solution is 2,5

times greater, the optical resolution at the lower concentrations

was somewhat improved, lower limits of 0,02 g,/l00 ml, and

0,1 g./IGG ml, for amylose and amylopeotin respectively, were found

using a 12 mm, cell and forth® 30 mm, cell the limits were a little

lower, grayioces were spun at speeds between 50,000 and 60,000 r,p,m,

whereas suitable speeds for amylopectins were between 15,000 and

30,000 r,p,m.
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4. PARTIAL SPECIFIC VQLPME.

In order to calculate the molecular weight of a polymer using

equation 36» its partial specific volume must he known. Values can

be obtained from density measurements by means of a pycnometer,

1, Apparatus.

The pycnometer was similar to the one described by Lipkin,

Davidson, Harvey and Kurtz (28), which was designed for the

determination of the density of volatile liquids, and is shown in

Fig, 5a. it consists of a precision bored capillary tube (0,6 -

1,0 mm,) with a 4 ml, bulb blown on one ana, and a bend on the

other. The latter acts as a self-filling uevice and it can also

be used to hang the pyonometer on a balance. Each ana had reference

marks etched on it,

2, Procedure.

The pycnometer was filled by dipping the bent arm into the

liquid which was drawn into the apparatus first by capillary action

and then by siphoning. Sufficient liquid was drawn into the

apparatus to ensure that the levels in each ana were above the

etched marks. It was then praced in a thermostat bath (22,5- O.QOl^b)
and left to come to temperature equilibrium (30 mine.). The heights

of the liquid levels above the marks were measured with a cathetometer

(reading to 0,001 cm,). It was then removed, dried carefully under

standardized conditions, and weighed (to 0,01 ag.), The weight of

the empty pycnometer was similarly obtained. From this, the weight
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of liquid could be obtained, and also the volume which was

calculated from previous calibration.

3. Calibration of the apparatus at 22.50.

The volume of the pycnoiaeter was calibrated using Afi benzene,

Different volumes of benzene were drawn into the apparatus and the

heights above the standard marks were measured. From the weight

of each unknown volume ana the density of benzene, the actual volume

was obtained which was plotted against the sua of the liquid level©

above the marks. The calibration curve Fig, 5, was obtained! thus

by measuring the heights of the liquid levels it was possible to

calculate the volume of liquid present in the pycnometer.

4. Calibration results at 22.5 C.

Sum of liquid
levels (cm.) (X)

0.5?3

3.209

3.543
4.245

7.871
8.985

Weight of pyenometer
* Benzene (g.)

23.72964
23.74788

23.74992
23.75475

23.77928
23.78666

Density of Benzene at 22,5 0
Weight of pyenometer

Weight of
Benzene (g.)

3.56728
3.58552

3,58756
3.59239

3.61692
3.62430

0.87608.

20.16236 g.

Volume of
Benzene (Y)

4.07186

4.09268
4.09501

4.10052

4.12853
4.13695

By the method of least squares (see p. 13 ) it can be shown that

Y - 4.06808 ♦ 0.00765 (X).

which is the equation of the line drawn through the points in Fig. 5b,
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5* i-e termination of the partial specific volume factor* (20).

The partial specific volume of a component i may he defined as

the increase in volume produced when 1 gsn. of the component i is

adoed to a very large volume of system
S v

i - TmV, * ♦♦♦ 42
'i

where v • volume of solution, m weight of the component 1 in the

solution. The specific volume of the solution (V) is given by

V * V .«i 43

(W1 * W2 * •••)
for a system with two components, the weight fraction© are given by (29)

W1 w2
w « and f_ a —- ••• 44

1 wl w2 2 wi ♦ w2

From equation 43 if w2 » constant,

.v • qv - dwi
W1 * v2 ~ *WX ♦ mv,)'- 45

and from equation 44,

aw, - (T,i 4 V d"i ~ widgif ,m|IIMWMW>M>I I1 (7X * wz)2
W2W1

(Wj**;,)2
• •• 46

and combining1; these equations 45 and 46 the partial specific volume

of component 1 oun be expressed aa

h-V*«r2§i •» «
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This equation has to be expressed in terms of liquid mass (m) which

has volume v.

How if

V (a ~) * 5 then §£ * - \ M andl,* m **x a" dWi 2 1

, •» substituting in 43 we get -

vx « V (1 • 1 * W1 • ^ )

or (1 - yj^) • ^ ~ ^ ♦••48
The densities of a aeries of solutions of known polymer concentration

were measured in a pycnoiaeter. By plotting the weight of each

solution against the weight of polymer present in it, the value of

(drn/dW^) could be calculated. (W^ is expresses as weight fraction
or within experimental error 0.01 times the per cent concentration by

weight,) The partial specific volume was then calculated using

equation 48.



36,

5. 1-IfFUSION,

!•

The final quantity required to calculate the molecular weight

from equation 36 is the diffusion constant (24, 30, 31).

Conoioer a dilute solution in contact with its adventf then

if it is assumed that there are no external forces acting on the

solute molecules, other than osmotic pressure ana gravity, the rate

of diffusion is given by

da , do
dt " " DA dSc 49'

dm is the amount of substance which diffuses across a boundary of

cross sectional area A in time ut under the influence of the

concentration gradient oo/dx, and D * diffusion coefficient
2

(cm /sec,). This is known as Fiek*s Law,

The diffusion can be followed by measuring the relation

between c and x at various time intervals t (by changes in n since

o cC n), and the diffusion constant obtained fro-? Wiener*s equation (32)

dn ni - no -x2/4rt. «-n
v " « e ••aX 2 /JdT

where D » diffusion constant, t • time, x * distance from the

original boundary, and a and n^ are the refractive indices of
solvent and solution respectively.

If it is assumed that the experimental curves (obtained by

plotting the refractive index gradient, (dn/dx) against x, over the

boundary region), have normal Gaussian distribution, then the maxima

will always be at x • 0 i.e* the original boundary position (see Pig,61
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At x « 0 the exponential term in equation (46) is unity, and

(dn/dx)^ m q * H|a, where Bffi is the maximum ordinate; therefore

(|s) . a • - °°\a*;x m0 m i

This on rearrangement gives

I) . (tj - 1Q)2 ... 51,
4irt (Hm)2

How the area (a) between the curve and th© x-axis is given by

•ni

y§ . ds « ^ - n0
»n

o

so that ,2
D * A ... 52.

4irt(HE)2
This method is known as the "maximum ordinate » area" method (30),

3D is obtained from a graph of H against 1//T, th© slope of which

is a/2 J IT i). The area (a) is obtained either by graphical

Integration or by mean© of a planimoter. In this method x must be

in absolute unite, but this is not necessary for (dn/dx) measurements,

since the proportionality fraction cancels out in th© quotient (a/H).

2, The statistical method.

In this method equation 46 is modified to give

4s = °1~ "o • _-*2/2«2 ... 53ax tfVW
2

where G * 2tt , and is th© standard deviation which is related to
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the second moment ( jUg) the curve about the eentroidal ordinate
by a s Jf! » (The cenfcroidal ordinate is the one, about which the
first moment is zero•)

In practice, the curve is divided into strips of equal breadth

numbered outwards (S^, Sg,* * *Sif * ** ) from an arbitrary origin near
the centre of the base iine, If is the vertical height of the

strip numbered s^, then the first and second moments are given by

LU S ZJ(sisi) and ag *
S<si) S<ei>

The position of the true oentroidal ordinate is given by

xo " 8o - fc*l
and the true second moment is then

^ 2 ( p-l)2
ihe second moment may then be converted to absolute units by

t^° - fa"2
where w » width of the strips measured in cms,

2
B may be obtained from the graph of 6 against t,

3. Apparatus and procedure.

Measurements were made in an Antweiler micro-electrophoresis

apparatus.

The cell consisted of an upper block (A) which was coated on the

underside with a thin fix® of vaseline and then slid onto block (B),
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as shown In Fig. 7a tor the filling position. The compartments

were then closed by the lower cover plate F, The solution, whioh

has the higher density, was then put in.o the lower measuring

compartment (©») W means of a syringe, until the level r ached the

lower part of (0), The comparison compartments (1) and the top half

of the measuring compartment (I>u) were then filled with solvent as
shown in the figure. The top part of (A) was then closed with

another coverplate•

The cell was placed in the instrument cell holder and left

to come to temperature equilibrium (15 - 30 mias,), Thelower block

(B) was moved under (A) mechanically, and carefully aligned (Fig. 7b)

as accurately as possible.

Beading© were taken after sufficient time had passed for a

measurable concentration gradient to be formed, and thereafter at

suitable time intervals, (These times varied with particle size.)

The concentration gradient was measured by means of a Jamin

interferometer, in which the light ray was split into two by a

Joain prism, one ray passing through the comparison channel and the

other through the measuring channel* A second prism combined the

two rays and the alternate reinforcement and cancellation of

wavefronts in th© focal plane of the eye piece gave interference

fringes.

If there is a difference in optical path length in the two

beams due to the different refractive indices of solvent and solution,

then there is & displacement of the fringes.
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When measuring the concentration gr.<c-ient, one of the fringes

was chosen as a zero line for the measurements. The fringe

displacement was measured by returning this reference fringe to its

zero position and then taking the reading from the; micrometer drum.

Values were taken every 0,2 mm. through the gradient curve and a

final plot of the refractive index (n) against distance travelled (x)

could then be made.

An alternative method of measuring the rate- of diffusion was

to obtain the differential curve directly by means of the schlieren

optical system present in the apparatus. Schlieren patterns were

photographed by means of a 35 mm. camera at the required time

intervals.
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6. g .. im yi'iKA'i'iotr

Introduction.

in any stucy on the free components of starch it is essential

to know their purity. After starch was fractionated qu ntitatively

in 1942 it was found, both by optical and potentiometrie estimations

of bound-iodine, that amylase beh veil completely differently from

amylopectins i.e. typical potentiometrie titr. tion curves are

shown in the Fig. 8.

(a) Amylose

(b) Amylopectin

With these two re£<renee compounds it was possible theoretically

to determine the purity of any intermediate sample and also the

amylose content of a starch.

In order to calculate the amount of amylase in any given

sample, Bates, French and Bundle (33) developed a potentiometric

titration method, whereby the potential difference between a calomel

electrode and a bright platinum electrode, in a starch-iodine solution,

would be measured. i'his allowed the equilibrium concentration of

free iodine in the solution to be calculated. By plotting the

amount of iodine bound against the total free iodine concentration
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a sigmoidal curve was obtained, and the "iodine affinity" of the

sample was taken as the intersection of the extrapolated lines from

the vertical and fiat portions of the absorption isotherm. The

percentage of aiaylose in a starch sample could then be calculated

by comparing its iodine affinity with that of pure amylose,

1» i s. ff parti, tUS«

The apparatus used in the present work was developed by

Anderson and Greenwood (34) from the one used by Gilbert and

Marriott (35) in which the polyeaocharide-loilne-iodide solution

and blank iodine-iodide solution were contained in two opposing

half cells connected by a salt bridge. The equilibrium free

iodine concentration was measured by means of a null deflection method

This differential method was most sensitive at low free iodine

concentration,

The apparatus had an electrometer (36) of high sensitivity

(28 am./iaV) with the nec ssary zero stability required for null

point determinations, This consisted of a matched pair of valves

which aoterj as two of the resistors in a Wheatetone network, while

the other two resistors were made the cathode'loads for the valves.

High stability was obtained due to the fact that each v lve functioned

as a cathode follower. The electrometer circuit was oonneoted. to

the sample half cell via a highly insulated two way "make before

break" switch, so that the electrometer grid was never in open

circuit. This apparatus was used for the routine analysis of

starches and the separated components.
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Solutions were stirrea continuously in the titration coils ( 1 J.

pyrex flasks ) which had four necks fitted with ground glass quickflt

joints. Three of these accommodated the stirrer, platinum electrode,

and salt bridge, while the fourth was for the addition of iodine.

(See Fig. 9.) The electrodes were made of platinum foil ( 2 x 2 cm.)

fused to platinum wire which was sealed through glass tubing

coat lining a pool of mercury. No potential difference existed

between them when placed in the same solution of electrolyte.

2. Preparation of sample solutions.

For exact and reproducible result®, the weight of sample used

in the titration had to be known accurately, and as starch fractions

are extremely hygroscopic, the following crying procedure was developed,

The sample wa.® weighed approximately into a small glass weighing

stick; suitable weights for titration being; starch 10 - 15 mg,#

amylopeotln 25 - 30 rag,, ana amylase 3-5 rag. The sample s tick

was then placed in a vacuum crier at 80°C overnight. The stick was

then removed, stoppered, and allowed »o cool for 10 rains, in a

desiccator before weighing the sample and transferring to a quickfit

flask (50 ml.). The weighing was thus completed in the shortest

possible time, and the error introduced by the uptake of water from

the air, was greatly reduced. The sample was then dissolved in

0,21 potassium hydroxide (10 rals.) and, when necessary, was heated

at 95°C for three minutes to effect solution.

Before addition to the half cell, the solution was brought to

pH 5.85 by means of a predetermined volume of 0.4$ phosphoric acid.
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A similar solution containing no polysaccharide was added to the

Clank half cell,

3. Titration oonuitions aik procedure.

Conditions for titration were t [iodidej, O.OUt? pH • 5.85?
and temperature 20°, (thermostatically controlled), The electrolyte

solution contained M/10 potassium iodide (210 mis.), M/15 phosphate

buffer (15 mis#, pH - 5.85) and was made up to 2 litres with distilled

water. Each half coll contained 800 rale. of this solution which was

allowed to reach temperature equilibrium before commencing titration.

The sample solution and blank were added to their respective

half cells and the flasks rinsed with water (25 mis.) so that the

final volume was approximately 840 mis. finally the circuit was

checked to make sure that no significant off-balance potential existed.

Small increments (0.1 mi.) of 0.01M iodine-potassium iodide

solution were added to the solution cell by means of an "agla" syringe.

Time (2-5 sins.) was then allowed for equilibration after each

addition, before balancing the potential produced by the free iodine

(measured by a deflection on the galvanometer). This was accomplished

by adding the same iodine to the control cell until the galvanometer

deflection was zero. The difference in the volume of iodine added

to the solution cell and that added to the control gave the amount of

iodine bound by the sample. A titr tion curve cous.d thus be

constructed by plotting the iodine bound (mg,/100 rag. of polysaccharide)

against the total free iodine in the solution.
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fh© iodine affinity was obtained by extrapolating the linear

portion of the curve to ssero free iodine concentration. The

maximum iodine binding porer for pur© potato amyloee was found to

be 19*5$ of bound-iodine and amyloee percentages in other samples

were calculated on this basis.
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GKHBRAl IKTBOrUOTION.

The heti rogeneous nature of ai arch was recognised irt the late

19th century by Gueria-Yerry, ifaegeli, and A. Mayer (for a review

see T. J, Schoch (la) ), but the lack of a systematic nomenclature

for the fractions obtained by subsequent investigators tended to

retard progress in the field, Such of the early confusion in the

literature was systematized after 1942, when T» J, Schoch (37)

carried out a successful quantitative separation of the two components.

The development in recent years of physicoeheraical methods for

characterizing the starch components, and for studying the size and

shape of macroaolecules, has facilitated systematic studies ©n (i)
the fractionation of starch and (ii) the separated components. It

is necessary when examining' the properties of the free components to

have them in a pure form, and as an essential preliminary, a detailed

examination of starch fractionation had to be made.

The methods developed by previous workers (la) depend mainly

on the differing properties of the two polysaccharide© in an aqueous

medium and can be classified as follow® •

(i) Aqueous leaching-, in which amylase is extracted from intact but

gelatinized granules with hot water.

(ii) Kleotrochoresis, a method developed by Samec (38) which utilizes

the fact that the organic phosphate groups associated with the

aaylopectin cause it to migrate towards • h© anode, leaving the

amylose in the supernatant. This gives a slow incomplete

fractionation and is accompanied by considerable retr©gradation.
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(iii) Selective retrogr .lion of amylose which is unsatisfactory,

tie co-prcoipitation occurs ana only a superficial fractionation is

obtained.

(iv) Selective preexcitation of the linear component by polar

organic molecules.

Methods (i) attd (iv) appeared most promising and were examined

critically to finu the most efficient method of fractionating potato

starch without unaue degradation.
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XIa. FRaCTIONaTXQH BY COMPLETE GRAiTOAR i/lSPKBSIOH.

Introduction.

The method of fractionation by complete granular dispersion has

been recommended by most workers as the most effective method of

obtaining pure components in good yield. The granule is disrupted

by boiling or autociaving, and the linear component is then separated

by using a selective precipitant. Compounds which have been

suggested (la, b) for this purpose include butan-i-ol, wpeatasol%

amyl alcohol, pyridine, thymol, cyciohexanol and many others. The

amylose forms a complex with the pr cipitant and is then rem ved by

centrifugal* ion.

The amylose is impure after this initial separation, but it

can be purified by recryetalllsatian using butan~l~ol. The

suaylopectin, however, cannot be further purified (lb), and so its

purity depend© entirely on the efficiency of the initial separation.

Thus to obtain both components pure, fractionation condition* must be

arranged so that a pure amylopectin is obtained from the initial

precipitafelon, even if it is at the expense of the amylose purity.

1. Starches used in the present work.

(a) Laboratory prepared starch.

Several varieties of potato were used as a source of starcht

these included vox. Redskin, Arran Banner, Golden Wonder and Majestic.

Ho variation of properties was detect*d among the different varieties.

The tubers were first thickly peeled, sliced and minced into ethanol

which prevented excessive eassymie activity. The resultant pulp was
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extracted with ethanol for 2 tains, in an "Atonix" bientior and then

filtered through four layers of muslin, The filtrate was

c ntrifugea immediately and the supernatant liquid dlsearued, The

starch was then washed by repeated sedimentation in 0,1M sodium

chloric,e until most of the oell debris had been removed, The

residual pulp was then re-extra©ted with salt solution (3-4 times)

in the bleuoor and discarded. The starch which sedlaaated froia the

filtrate® was combined with the first extract, suspended in 0,11

sodium chloride, and shaken with toluene (1/10 vol,) overnight.

This denatured the protein associated with the starch. The protein-

toluene layer was discarded and the process repeated until no

coagulated protein was found in the toluene layer. This treatment

removed most of the protein associated with the granules, as their

nitrogen cont nt was never greater them 0,02$. The purified starch

was stored finally in methanol at 0°C,

(b) Commercial Starch,

A generous sample of "Superfine Farina* potato starch was

supplied by Messrs, Brown and Poison Ltd,

Unless otherwise stated, the starch samples uoefi throughout

were always "laboratory prepared", as the extraction procedure used

was milder than that used for most commercial samples.

2, Experimental Methods,

(a) Fractionation method.

Fractionations were carried out in three-necked quickfit flasks

fitted with a stirrer, condenser and gas inlet tube, The fractionating
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medium, which was distilled water, was heated to boiling point, a

slurry of starch in methanol or water was then added, and boiling

continued for a given length of time. A suitable starch concentration

was found to be 0,5 gra./lGO mis* of water,

(b) Precioitantg,

The moat commonly used oomplexing agents are alcohols, and many

have been recommended. Sohoeh (la) suggests that a commercial mixture

of pentyl alcohols (Fentaeol) should be used for the first

precipitation followed b; butan-l-ol for recrystallfzing the amylosei

while thymol followed by eyclohexaaol ha® been used by Bourne, Haworth

and Peat (39) with some success. Higglnbothna and Morrison (40)

studied the use of butan-l-ol, pyridine and iso-pentyl alcohol, and

found that butan-l-ol and pyridine were equally good as fractionating

agents,

Greenwo d and Robertson (41) reported that the use of thymol

as an initial precipitant for rubber seed starch yielded a very pure

aisylopectin, and this reagent was examined first.

After the starch solution had been boiled for 1 hour, it was

allowed fco cool to 60°0 and powdered thymol (0,1 g,/100 ml©,) added,

The mixture was allowed to stand at room temperature (l8°C) for three

day© (to give the complex time to form) -and the amyloee-thymol

complex removed by oemrifugation on a Sharpies superc< ntrifuge.

The supernatant containing the aayiopectin was froese-dried, refluxed

with methanol (3 times for i£ hours each) to remove the thymol, then

redisperscd in water and freeze-dried, The asayloees were
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recrystailieed from hot butan-i-ol saturated water until the iodine

"binding power was constant.

Two other precipitant© were examined, pyridine and pentan-l-ol«

Pyridine (1»4) was added to the starch solution after boiling for 1

hour? this was allowed to cool to room temperature and the pyridine-

amylose complex removed on the Sharpies centrifuge after 3 days. A

solution was treated with pentan-l-oi in a similar manner. The

results are shown in table 1,2 and indicate that, as an initial

precipitant, pyridine is inefficient, but pentan-l-ol is equally good

as thymol and a pure amylopectln is obtained initially. However,

after consideration of the size of the respective amylose samples, it

was decided to use the thyaol-butan-l-ol method. The degree of

polymerisation (if1.) of the amylase obtained from the thymol

fractionation w s found to be larger than the corresponding pentan-i-oj

sample. (All fractionations were carried out under similar

conditions i.e. boiling for 1 hour under nitrogen.)

'HAULS 1.2.

Precipitant Component ft] in^
M-KOll,

Purity *
<$)

DP.*
(calet

Thymol then Bun0H. (Initial complex
(Amyloee
(Amylopectin

500
180

74
100
99.2

3700

Pent&n-l-ol then Bu^OH (Initial 0 rnplex
(Amylose
(Ajaylopectin

405
180

72
100
99.5

3000

Pyridine then Bun01i (Initial complex
(Amyloee
(Amylopeotin

360
165

90.5
100
96.4

2700

X Calc, from iodine uptake* cone3? expressed in g./ml,
x Oalc, from HP s 7.4 (ql 107, section IV.)'

/TY\
x jz
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3. Pegradatloa uurin*: fractionation.

as fractionation involves disruption of the starch granule,

degradation of the components seems inevitable. However, certain

precautions can be taken to reduce this effect during fractionation,

(a) Oxygen.

It has been reported that amylase is susceptible to oxidative

degradation at elevated temperatures (42) and that granules should be

fractionated under oxygen-free conditions.

The extent of this degradation was studied by measuring the

molecular weight of the separated components after fractionation had

been carried out in the presence of oxygen. The results, shown in

table 2.2, indicate that under exaggerated conditions when pure

oxygen was passed through the medium, the degradation w-.e very serious

and both components were affected. Amylose was fount, to be more

susceptible to break down than -myiopectin, and the size of the amylase

component, after recrystallization in the presence of oxygen, whs

reduced to half its original v.lue (equivalent to oa. 1.3 bonds broken/

initial aayioee molecule). Aayiose recryetallized under nitrogen was

not so badly degraded, but the effect was still appreciable. (0.9
bonds broken/initial amylose molecule.)

TABLE 2.2.

Amylase
Aisyiopectin

Component Ata.

2 500
iao

p.p.
(calc,)

3700

Amylose
F2, Amyloee

i.saylopeotin
02

220
270
138

1600
2000

Amylose
J' Amylopectin

Air 350
176

2600

* Becrystallized under nitrogen.
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A fractionation was carried out in air, and under these more

normal conditions the amyiose component still suffered degradation

(0.3 • 0.5 bonds broken/molecule}. The scission was less orastic,

however, and little degradation could be detected iri the amyiopeotin

component.

(b) Use of Antioxidants.

Oxygen-free conditions are therefore essential to avoid

degradation of amyloee curing fractionation. This can be achieved

by passing nitrogen ©r fcycrogen (43) through the fractionation medium

ana reorystailiKing media. This w a found to be very effective in

r ducing degradation*

The effect of antioxidants (lb) (U-phenyl-2-awa.phthylamiae and

quinoi) was studied, but neither reduced degradation when fractionstii

were carried out in air* (See table 3.2.).

(c) Other sources of ue&r^nation.

It was found that fractionations should pr 'ferably be on a

small scale (500 mis.J as the i- . JP. of the amylose was always smaller

in the large scale (3 litres) preparation, (see table 3.2) presumably

due to the added difficulty of maintaining oxygen-free conditions on

the larger scale. This pcmr also associated with the us© of a

Sharpies centrifuge wher oxygen free conditions could not be

maintained and excessive us® of this inat.ument caused some

degradation especially with the larger volumes of solution. Thus

after ■§, X and l£ hours centrifugation the limiting viscosity number
of a given amylose sample was 400, 365 unci 375.
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table 3t2.

Precipitant atm. Qomoonent [j^jin M-JCOH 57p»(calc)
"a Zilll L 3S '888

*S^SfiE£- aiylose 330
Thymol 4 quinol Air mylose 100 740

» small scale (500 ale,)j sat large scale (3»000 mis.),

4• Fractionation and analysis of Subfr ctlons.

(a) Optimum fractionation conditions.

The fractionation of starch may not in itself reveal the intern*!

organisation of the components in the granule * but a detailed

examination of the various subtractions prouuceu might prove useful.

For such a study to be profitable, however, the separated fractions

must be obtained in an unmodified form and the production of artifacts

or degradation products should be avoided. Precipitants and oxidative

degradation having been examined* the only other variable to be studied

was the length of time of boiling during fractionation.

Starch granules (G,5£ in water) "ere stirred vigorously in

boiling water for 0.5 to 2 hours under nitrogen. To ensure complete

removal of oxygen from the nitrogen, the latter w ■,& passed through a

series of "scrubbers" containing (i) a mixture of souium thiosulphate

(16,6 g,)# sodium hydroxide (6,6 g.) and anthraquinone-2-Bulphonic &oi<

in 100 mis, of water and (ii) alkaline pyrogallol (hh). The water

used for fractionation was also deaerated before use. The

precipitant employed w >.& thymol followed by butan-l-ol. The results

are shown in table 4,2.
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I isperrion time/?
(in hr.)

TABLE 4.2.
xm.vl

0.5

1.0

1.5

2.0

iurity
(*)

98.8
99.2

6

4

490

520

470

450

3600
680 1,125,000 3900

3500
640 940,000 3260

D.P.

99.5 2.5

x Calculated frosa iouiae uptake? e Measured la CfiCl^t
/ Prora osmotic pressure measurements.

The results show th t the molecular size of the arayxose is

largest after Boiling for 1 hour, and that the nmyxopectia is 99,2$

pure. This is not quite as pure as the amylopeetin obtained after

two hours* boiling, but the amyxose has unaorgone hyarolytic

degradation in the second hour and the P.P. is somewhat lower. If,

therefore, the time of boiling is reoueeei, an aaylose of higher P.P.

would be expected, but here an apparent anomaly exists in the results.

The amylore from the 0.5 hour fractionation is smaller than that

obtained from the 1.0 hour experiment. However, the umylopectin

obtained is not so pure, and the explanation would appear to b© that

th© granules have not been completely disrupted after h&lf-an-hour

and some of the larger amylase molecules have not been released#

This argument was substantiated by a microscopical examination of the

course of fractionation whieh is shown in Fig, 10.

(a) 15 mine. boiling. The saos were beginning to break up and

fragments were observed in abundance? these stainea mauve with

iodine. Blue staining, material was obs rved outside the granules.
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(b) 30 mlas. Few resistant granules were left now ano the main

background consisted of a dark blue staining matrix,

(c) 60 mias, Only occasional sacs and fragments left.

(o) 120 mine. Practically nothing other than a mass of purplish blue

staining mat©rial.

From the results it is obvious that the most satisfactory time

of boiling, unoer oxygen-free conditions, is one hour. This yields

the largest amyiose and a pure amylopectin, after precipitation with

thymol and reprecipitation of the amyiose with butan-l-ol. These

were taken as the optimum conditions in all subsequent fractionations,

(b) Subfractioa analysis.*
Although the heterogeneous nature of starch is now widely

accepted, P&osu (45) still favours the concept of the starch granule

as . giant homogeneous molecule, Such a theory must not be dismissed

without careful consideration, as the method of obtaining the two

components involves rather harsh treatment entailing complete

disruption of the granule, and this could well result in hy> rolytio

degradation of primary and secondary valence forces.

It is important, therefore, in a study of the internal structure

of the granule, to examine all tne products from a fractionation,

especially the sollo material from the liquors obtained after the

r crystallisation of the amyiose component. This will determine

whether or not there exists a material intermediate, in structure

m Footnote - 1 wish to thank Mr, N. <J. Philips for some experimental
assistance in this sub-section.
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and properties, between asaylos© and amyiopectin (lb). The r suits of

such an analysis are shown in table 5.2 and the corresponding iodine

titration curves in Fig, 11.

Table 5.2,

i» of total Iodine $ of B?1 in
.Product weight affinity amylose M-KOH

Whole starch 100 4.03 20.7 -

(a) Precipitates.

Thymol complex 41 14.2 74 •

Butanol complex 1. - 17.5 90.3 •

" 2. WW 19.0 97.5 -

3. 15x
f

19.5 100 440

(b) Materials in supernatant liquors from:

Thymol complex 50 0.16 0.82 180

Butanol complex 1. 10 • 0.4 2.05 76

2, 5 7.8 40.0 *.

3. 2 2.0 10.25

ioxY
o

12.5

200

11.3

x A further % was usee for analysis,
0 Constant on further recrystallisation.

The weight of the material in the supernatant.liquors decreased

regularly and the iodine affinity increased generally. Examination

of the thymox complex in the ultr&centrifuge rev aled an apparently

homogeneous fraction, although it contained one-third of aaylopeotin.

This w surprising, because the sedimentation coefficient of amylose

is considerably leas than that for amylopectin. Mixtures of amyloee

and amylopectin, with the approximate composition of the thymol complex,

were prepared and examined in the ultrucentrifuge, but in all eases two
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peaks wort detected Indicating separation of both components.

The bulk of this impurity was isolated from the supernatant

obtained after the first reoryetallization of the anylose, and it was

found to possess properties similar to the main anylopeotin fraction.

The sedimentation coefficient was approximately the same as that for

amylose, thus explaining the apparent homogeneity observed.

It is difficult to aeciue whether this i© merely a subtraction

of the omyaopcctin possessing a small molecular weight, or an

intermediate component,

This amyiopectin-like material obtained from- the first

recrystailis;.:.t.ion r .© fount- to h«ve a -limit of 3696 when treated

with ^ - amylase•
How, A •amylase hydrolyses xylose and the external chains of

amylopolftla to yield maltose (46), The enzyme only attacks non-

reducing end units and degrades the molecule in a step-wise manner.

HCfr*Ver« it is only capable of hydrolyzing 4—»1 -01- links, and when

another type of link is met with (including the 6—*1 -<X- link present

in amylopectin), the hydrolysis ceases. Therefore, if amylose is a

completely Itiieur molecule with only 4—^1 -OC- link©,it should be

degraded completely by ^-amylase, but amylopeetin, the highly
branched structure, can only have it© external chains hytirolyzed by

the enzyme. The hydrolysis stops at the branch poiht and leaves a

£ -limit dextrin. The ^-limit of a sample is expressed as the
percentage of the molecule which has been converted to maltose by the

action of A -amylase.
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The -limit of amylopeetin is normally about 5&fr and this

value is obtained from material whose average external chain length

is approximately 12 units, The low value obtained for the subfr&ction

can be explained in two ways,

The first possibility is .ha. the molecule has a highly branched

structure, but that the external chains are shorter than in the

average aiaylopectin molecule, Thus the average external chain length

to produce 3$^ conversion would have to be smaller than 12, This

explanation is supported by the value obtained for the iodine binding

power, which is low and is similar to maylopectln and glycogen (34).
An alternative explanation is that this thymol precipitated

material has a structure similar to that shown in Fig, 12.

FIG. 12.

B

B • reducing group.

This is an essentially linear molecule with short side branches

situated at intervals along the main chain. Such a structure could

account for a (S -limit of 36^,
The latter suggestion is supported by the fact that these

molecules are precipitated by thymol in conjunction with the amylose

component, whereas the highly branches amylopectin Is left in

solution. However, it is possible that co-pr cipitation occurs and

that this material is precipitated merely because it is approximately

the same siae as the amylor.e.
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It is of interest to note shat Lansky, Eooi and Schooh (47)

have suggested, on the basis of iodine affinity, that there is a

material, intermediate between the strictly linear and highly branched

fractions, which amounted to 5 - 7% of the total starch. This could

he precipitated by pentasol but not by butan-l-oi.

The material obviously resembles the fraction described here.

Most of this impurity was removed in the first recrystallization

while subsequent precipitations eliminated the last traces of this

branched material, and presumably also short chain amylases which

are difficult to detect by poteatioiaetric iodine titration. The

maximum iodine binding power of the amylose was found to remain

constant at 19,% and. this was used to calculate the percentage of

amylose in other samples.

There is, therefore, no evidence to suggest that starch is not

heterogeneous and, wi h the possible exception of the "thymol

aiaylopectin", no other major component has been detected,

5. Commercial Potato Starch,

The molecular weight ,.£ potato amyloae has been measured by a

number of investigators, but the values reported have varied

considerably (lb). The amylases obtained from laboratory prepared

starch (see table 4.2) have B»P.*s of 3QGo to 4000 unite, and with

the exception of Huseiaann and Bartle*s resultc (48), none of the

previously reported values have been as large as these.

This discrepancy couia be attributed to degradation during
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fractionation, isolation, or during the formation of derivatives. In

this work great care was taken to eliminate or reduce possible sources

of degradation? but other workers also used commercial starch samples,

so a commercial starch was examined.

Best quality commercial potato starch was fractionated under

oxygen-free conditions and the amylase obtained had a 13,P. of 2,500,

this is smaller than the other values and it appears that the method

of extraction used commercially degrades the amylose component. The

commercial luaylopeetin was found to have the same limiting viscosity

number as the samples obtained from laboratory prepared starch.

It is possible that this smaller initial l)J?t, together with

degradation by oxygen and also during formation of derivatives, could

account for the previously reported values which rarely exceed

dTb, * 1000.

Commercial starch was not used as a source of amyloee or

amylopectin in this work except for the purposes of comparison.
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lib. AQUEOUS LEaCHING.

Introduction.

Aqueous le ching, m a method of fractionating starch, was used

by many of he early workers in the field, but it was first studied

systematically by K. H, Meyer and his co-workers (49)# They leached
o

maize and potato starch at 70 C, just above the gelaiinization point

and obtained an amyloee of low JD.P. which Meyer called amyiose A^.
Fractionation of the residual granules gave a high 1),P, araylose A^»

Sohoch (la) carried out a series of experiments in which he

leached maize starch at temperatures ranging from 70° to 90°C at 5°
intervals, and characterized his components by means of *blue values*

(blue value • K la 100/f where f is the percentage transmission of a

solution of 5 mg.. linear fraction in 500 mis. of a solution of 0.002^

iodine in 0.02^ Kl, measured at 660 ffl^), He found that the blue
value of the leached material dropped from 14.5 to 12.4 on raising

the temperature from 75° to 90°C, and concluded > hat the method only

afforded partial separation of the components. He was also of the

opinion that the soluble component (amylase) was badly contaminated by

aiaylopectin, especially at high extraction temperatures.

Recent work (50, 51), however, has suggested that leaching is a

valuable method of obtaining high yields of pure components, and the

leaching of potato starch was studied, therefore, in some detail.
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1 • Aqueous he..chin# ;t 60°Ct followed. by complete dispersion at iOQ°C.

(a) Experlatental methode.

A starch suspension (0»9$ in water), contained in a three-

necked flask, was stirred in a water bath at 70° for 1 hour under

nitrogen. It was observed that the granules were gelatinised within

10 mine. The mixture was then stored at 4°C for 4 hours, during

which time the gelatinized granules settled to the bottom leaving a

water-clear supernatant. After deoantation of the supernatant

liquor and filtration through sintered glass filter (C3)» excess of

butan-l-ol was added and the mixture shaken. The flask was then

set aside for 24 hours at room temperature to allow the amylose

complex time to form, This gave 'A701 Amylose,

The sediment of gelatinised granule residues was rediepersed

in water, boiled under nitrogen for 1 hour and fractionated using

thymol followed by butan-i-oi, This gave ' A .100' aistylose.

Later work showed that the initial leaching temperature could

be lowered. The potato starch used was found to gelatinise at 60°C
and by holding the starch suspension at this temperature for 10 mine,

the amylose product was readily obtained,

(b) Characterisation of the products.

The purity and viscosities of the free components and their

acetatps are shown in table 8,2,
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ifABLE- 6.2.

fraction Purity

70° leach { S?i^ctia 65 '1° 4!°
100° ClcpereiOh \ **8 J $. ™
is Becrystailisod twice,

She results obtained agree with Meyer * s conclusions. The

oayloso undergoes a subfraction*tion in the initial 1* ehiag and a

small .molecular weight material diffuses out of the swollen granules.

From iodine titration result« it can be calculated that approximately

4Qf» of the total amyloee is removed in this manner. The remaining

60$ has a larger average h.P, ana can only be removed by more drastic

treatment involving higher temperatures. Similar r suits were obtained

with the commercial starch sample, It is also interesting to note

that the amylase removed by leaching was nearly 100$ pure, and the

amylopectin obtained after the comple >e dispersion was the pur st ever

obtained in the work,

2, Aqueous Leaching ,,t 98°0.
The method of fractionation involving complete granular

destruction was found to give a pure amylopectin but an impure aaylose

after the initial precipitation. A method has been proposed recently

by Baum and Gilbert (50, 51), who suggest that both coraponents may be

obtained in a pure state and in high yield, merely by leaching: starch

for a short period at 98°C under nitrogen, A critical examination

was made of this method using potato starch.
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(a) ExperimentAX procedure.

Starch suspensions (0.5^ in 0.1# sodium chloride) were d©aerated

at room temperature with a stream of oxygen-free nitrogen for 15 mine.

The suspensions, contained in three-necked flasks, were then placed in

a toiling water hath for 5-10 mine, under nitrogen. The resultant

gelatinized mixtures were cooled rapidly to 30°C and c ntrifuged at

20,000 g. in the preparative rotor of a Spineo ultrac ntrifuge for

10 mine. The supernatant liquors were then decanted and the amylase

precipitate "by addition of but. n-l-oi.

The sediment©b granules were washed with distilled wu-.er

(6 times), rediepereed in saline and heated for a further 5-10 mine.

The solid obtained after centrifugaticn was washed free from salt and

freeze—dried. This gave the aaylopectin fraction. It was found

that the pr sence of salt aided sedimentation of the granules

considerably.

(b) Hasuits.

The results of several leaching experiments are shown in

table 7.2, where S represents a small scale 1- aching (500 mis.) and

L is a large scale leaching (3,000 ml?.).

Leaching time*!*• (mains.)
1-5S 2x5 or 2x10

6S 7

7S 5
88 2 x5

1L 2 x 7.5

x, xx? xxx « 1, 2 and, 3 reorystalliz&tions respectively.

TABLE 7.2.

Amylopectin Amylos©^mm———■i——Wl
'iurity , Amyiose 'Initial fi)"] in ■ .F.

(#) impurity ($) purity (#) M-KOH (calc.)
i - 96 10 - 20 00© t U5C - -

95 25 90 - -

93 35 90 340x 2,500
96 20 90 365xx 2,700
97 15 62 340xxx 2,500
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The results show thai, on a small scale, reasonably good

separation of the two components is obtained, The amyXosee are

considerably purer than the thymol amyloses obtained previously

(74$ pure), but they have a smaller B.i?, The parity of the

ajaylopectin fractions, however, is not so good and this varies with

the extraction time? but even the best sample still retains 10$

of the total amylose as compared with the thymol fractionation where

the contamination amounted to only 4$ of the total amylose.

The results agree with those of Schoch (la), and suggest that

preferential leaching of the shorter amylose chains is occurring,

while the larger material remains behind in the swollen granule,

he qualitative results of other workers (50,51,52) have been

confirmed, but the purity of the aayiopeotin does not compare with

samples obtained using the thymol method. Thus, although relatively

simple in practice (except on a large scale), the method is not

suitable for the preparation of either amylase of a high FTP, or

oaiylopeo in of high puri ty.
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GH-riKfiAL ■■lacussios.

(a) Fractionation.

The aqueous leaching methods are obviously inefficient, yielding

impure amylopeetins and asyloses of lower B.P.

It was suggested by Taylor (53) in 1928, that a complete

dissolution of the granule w is necessary to obtain a homogeneous

starch solution, fractionation wourd then entail obtaining this

solution without uncus degradation and then removing one of the

components by precipitation.

She experimental data supports this suggestion and shows that,

for an efficient fractionation to occur, the granule must be disrupted

and dispersed to allow the total amyloce fraction to escape, This

was substantiated by the microscopical examination which indicated

that after 1 hour the granular* structure was destroyed and the amylase

was completely free to go into solution,

A microscopical examination of the short-period leachings at

98° showed that the granules had swollen and appeared empty, but, when

they were stained with iodine, an outer membrane or •sac* which stained

mauve was observed. Inside and outside these *saoe*# bright blue

staining aggregates were detected which were assumed to be amylase •

Figure 13 shows a typical field. These outer membranes are mainly

intact after leaching and are predominantly amylopectin. These

observations agree with the findings of Frey-Wysslittg (54) and Meyer

and Mensti (55).

This •sac* must be a molecular network of extended amylopectin
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molecules through which high molecular weight amylase cannot diffuse,

•The results in table 8.2 show that as the temperature is raised

and conditions become more drastic, the size of the aroyloee obtained

increases up to the point where hytirolytic degradation becomes

noticeable. This can be explained by assuming, the 'sao' retains

the larger molecules until it is ruptured.

TABid *m•CD

Amyloee
sample.

fto total
amylos®

in
M-&QH

d7f.x
(calc.)

A -arayiolycisrv limit

A,70 40 , 240 1,800 100

A, 100 60 560 5,300 59

Aq, leaoh 98° 80 340 2,500 86

Thymol (1 hr.) 96 500 3,700 1*7

Thymol ( 2 hr,) 97.5 450 3,?60 77

x Obtained from osmotic pressure measurements or IMF# » 7.4 pj]
0 Determined by 3 r. I. D. Fleming,

An alternative explanation proposed by Schooh (la) is that the

larger molecules retrograde in situ and resist solution in this

insoluble condition. This seems unlikely under the above conditions,

where the actual time of fractionation is short and retrogr dation is

a slow process occurring over a period of hours or days. Thus it

is more probable that simple subfr ctionation of the amylose has

occurred.

(b) Inhotaogeneit.y of ami/lose.

All -..he amylose samples obtained under the standard conditions

described in section 11a had consistent A-limits of 77SI - 2>4 when
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ineuba&ed with soya bean 3 -amylase at pIU.6, Results of this kind

hav varied in the past and limits from 70 to 97$ have been reported,

Meyer and his co-workers (56,57) maintained that these apparent lower

limits were due to retrogr-station, but Peat (58), Hopkins (59)#
Hassici (60), and, their co-workers have shown thai pure & -amylase

converts only oa 70$ of amylase into maltose. Complete conversion

of amylose coula be achieved by the concurrent action of a second

enzyme, 2-enzyme, which was present in some ^ -amylase preparations.
Peat and hie co-workers (58) believe that the barrier to -amylase

is an anomalous linkage present in the amylose molecule# but the

exact nature of this linkage has not yet been established.

On treating some of the leached amylase fraction© with mare

p -amylase some interesting results were obtained (see results
obtained by br# 1, D, Fleming in table 8,2,), The amylose of low

~Tp. leached at 70° from the granule was found to be completely

conv rted to maltose, and the amylose leached at 9&° had a limit of

86$, This value is intermediate between the 'a,7</ and a normal

amylose limit, •A.IOQ1 umyl so, on the other hand, had a limit of

59$, indicating that most, of the material with the barrier was

concentrated in this fraction.

The *A,60f amylose can be assumed to be completely linear,

( p -amylase action stops at a branch point) and wlih rise in
extraction temperature the resultant material possesses an increased

resistance to p -amylase. Thus it would appear that pr cominantly
larger molecules possess a barrier to A -amy!-.'lysis whilst most of
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the smaller ernes do not,

tfee 'A.100* fraction was found to haft a ^-limit very cloee
to 5Q5&, which suggests that the barrier is randomly situated in the

aoleeuleo of this fraction. As the actual limit obtained was 59?&,

it is probable that linear material of high FT?, is also present in

this fraction.

The percentage of linear material present in an amylooe sample

may then be calculated fro© (61)

f - L
m 1

100 - L 2

where t • # conversion of total fractioni L m amount of linear materif

Although the barrier has not been established as a branch

point, this could, be a possible explanation for the incomplete

hydrolysis of amyloae, It has been shown that the larger amylose

molecules are difficult to extract from the- granule# ami, if they are

attached to the amylopeeiin# small branches might be left on the

amylose molecule after complete granular destruction. This could be

an alternative reason for the r* tension of the larger molecules in the

•sacs*, tout there is no definite evidence to support this suggestion.

Thus potato amyioae can toe considered as consisting of two

fractions in agreement with Meyer (62), On leaching at 60° or 70°C
smaller completely linear amylose is obtained, and the remaining

fraction 1* found to be larger and more resistant to -amylase,

Conventional fractionation with thymol yields anylose which is a

mixture of these wo subtractions.
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The results also explain why Meyer always maintained amylose

was completely hydrolyseu by ^ -amylase, when other workers reported
limits of ca 70^. He usually obtained his aaylooe samples by

leaching methods and had presumably used the entirely linear fraction

as a substrate for hie enzyme work,

(c) Granular structure.

The outer membrane or * sac' mentioned above has been observed

by several workers (54,55,63), but the general opinion seem® to be

that it is an artifact which is produced during the swelling of the

granule* This *s&e* is predominantly amylopectin (see table 7*2.)

and in a conventional fractionation it is dispersed completely by

boiling for at least 1 hour. It seems possible that amylopectin

could be a giant molecule which forme this *sac*-like network and

that the component, as obtained by fractionation, is in a degraded

state. These •sacs* are quite difficult to disintegrate, and even

after 1 hour *e boiling the membranes had not dissolved completely

end were present to a large extent as fragments of the original

structure. The ♦sac* fragments on further boiling eventually

disintegrated completely, but the conditions were quite drastic and

this suggests that a bona stronger than a hydrogen bond is responsible

for holding the membrane molecules together. However, the

consistency of the limiting viscosity number of the amylopectin

sampler after varying boiling times casts doubts on the idea of large

scale degradation.
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This is a difficult problem and knowledge of the type and

strength of this bond would hav to be obtained before any definite

conclusions could be drawn.

On this basis granular structure might be pictured as a network

of amylopectin molecules throughout the granule interlaced with

crystallites of amyioee and amorphous region© of smaller branched

molecules and the larger amylase molecules (46).

Alsberg (63) and other workers do not believe this membrane

exists in theunswollen granule, but it has been observed that enzymes

do not readily attack starch granules unless the surface has been

damaged (63). Shis would suggest that either the granule surface

does not present a suitable number of chain end® for attack, or an

outer membrane serves as a protective shield,

he problem is complex, howev r, and the evidence presented here

is insufficient to draw definite conclusions about the sub-structure

of the potato starch granule.



SECTION XIX

THE Syp-CI OF LILtrg>- AOIB

OH POTATO STARCH GRANULES *
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xif Roructio r?

The presence of an outer membrane or •sac* in the swollen starch

granule has already been discussed in section II? it has been

established that these •sacs* are predominantly aiaylopectin la

composition. However# their existence in the unswollen state i® in

some doubt and, in ..n attempt to determine the nature of the outer

layer of the unswollen granule, the action of dilute hydrochloric

acid on the whole granule was studied.

Both Kerr (64) and Meyer and ffienai (55) have studied the effect

of dliu e acid on potato and maize starch granules but their

conclusions are contradictory. Kerr r ported hat ataylopeetin was

preferentially degraded while the amylose component was virtually

unaffected* Shis evidence suggest© that the aoylopecbln is on the

outside and is attacked first. Meyer and SSenssi# however# fount; that

on treating poato starch granules at 45°C with 0*2M hydrochloric acid,

both constituents were hydrolysed simultaneously, Shis conclusion

was based mainly on the iodine titration results of the unfractionated

acid-treated starches. fhey found that after 60, 120, 180, 240 mine.,

all the titration points lay on the same curve, even although both

components had undergone degradation. They concluded that amylase

and amylopectiii were degraded at the same time# and in the same

proportions as these in the granule (ls4).

In view of these conflicting results, an effort was made to

establish the exact nature of the attack. Starch granules were

treated with O.SfchHCl at 4$°0, and the degradation of the components
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was followed lay first fractionating the starch and then measuring the

molecular weight of the separated components and their &o<- tylated

derivatives.

1. EIKBimi'AL,

(i) Treatment with acid.

Two sets of experiments were carried out? in aeries 1 potato

starch (var, Bedskin) was used wiuch had been stored under methanol?

in series II the starch (var. Arran Banner) h»& been stored under

O.iM sodium chlorine.

A suspension of potato starch (10 t •) in 0.2;/ hydrochloric

acia (500 mis.) was stirred slowly (20 rev./min.) at 45°C in a

nitrogen atmosphere. Portions were wi harawn .JTter 1, 2, 3 and 4

hours respectively in series I, (i, 1, 2, 3, 4 and 24 hours - series

II) ana the starch w *.e immeolately washed, 8-12 times with distilled

w. ter, until free of acid. Finally it was eh...ken with methanol for

24 hour .

(ii) Fractionalion

The samples were fractionated by difpersion in boiling water

(0,5# solution) for ii hours - series I (and I hour - series II),

under nitrogen. The resultant solutions w re then cooled to 60°C
and powdered thymol added (0,1 g./lOO mis.) to precipitate the linear

fraction. The solution was left standing at roo > temperature for

3 days before removing the amylose-thymol complex on a Sharpies
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supereeatrifuge, The amylases wer- them purified by repreoipitatioa

(one© or twice) with butan-l-ol, and were obtained in the solid state

by stirring with butan-i-ol several times (30 mine, each) then dried

in vacuo at 75°0.
She omylopectln containing supernatant liquors were freeze-dried

directly (series I), refluxes with m thanol to remove thymol (3timesj

If hours each), then dissolved in water and freere-dried again, la

series II, it w.-.e found that a mors? soluble product was obtained if

the thymol was removed from the supernatant© by ether extraction

followed by freese-arying to yield the final product.

Both components were characterized by measuring their iodine

binding powers as described in see ,ion X,

(iii) Preparation of derivatives.

(a) Aestylation of aalyloset The method of Higginbotham and

Morrison (18), by means of which acetylation occurs readily at room

temperature, was employed? the? reagents required being pyridine and

acetic acid. Pyridine wae purified -by shaking with sodium hydroxide'

(15 fe./i.) for 6 hours, follows*; by careful distillation, Butan-i-ol

was distilled over sodium hydroxide (17 g./i.) to remove contaminating

aldehyaes and re©iris,
.«

The amylose but&n-l-ol complex was dehydrated by stirring wi.h

butan-l-ol (3 times for 30 to 60 sains.), the but ni-i-ol was then

removed b suspending the material in dry pyridine (15 ml,) with

stirring for 15 mine, The suspension was centrifuge*! and washed
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twice more with fresh pyridine.

The amyiose was then suspended in a mixture of equal volumes

of pyridine find acetic anhydride and shaken at room temperature for

3 days. The resultant solution was passed through a gride three

sintered glass filter into ice cold water (3 volumes), which precipitat-

«ed the acetate as a rather fibrous substance. This was washed free

from acid with water and finally with ethanoi. It was then dissolved

in chloroform, filtered and injected into petrol ether (B.pt. 80 - 100°)
The precipitate was centrifuged down, redissolved in chloroform,

filtered, reprecipit&ted and isolated as above. This procedure has

been shown to yield the triacetate (41,).

(b) Aoetvlation of amvlopectini A modification of the above method

had to be used due to the fact that amylopeotitt will not dissolve

completely in pyridine-acetio anhydride medium. The method of Potter

and Haasid <ra> was used in which the amylopectin (250«g,) was

dispersed by stirring in formaaide (6 mis,). Pyridine(10 mis,) was

added slowly with continuous stirring, followed by acetic anhydride

(8 mis,) in small portions over a period of 1 hour, 'he solution

was shaken overnight at room temperature then poured into ice-cold

waver (120 mis,) and the precipitate formed was washed free from

acid with water,

as aeetyiation is usually incomplete at this stage (19)t ihe

procedure was repeated by dissolving the product in pyridine (10 mis,),

adding acetic anhyaride (8 mlsj and shaking the solution for two days

at room temperature. The triacetate (4) was then isolated, purified,

and dried as detailed above.
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( iv) Viscosity aeasurement&.

Measurements were made em the free amyiose component by

dissolving •* well«*oentrifugcd portion directly in 3£»potassium hydroxide.

The concentration was determined by fcydrolyeing a portion and

determining the reducing power (see p. 11 ).

Control experiments showed that within experimental error the

limiting viscosity number for a given sample was the same whether the {

butanol complex or the dried amylase was used. The value for the

Muggins1 constant (equation 5 , p,6 ) varied, however, as ;.he small

amount of butan-l-ol present in the complex altered the slope of the

graph of *2«p//c c,
ABiylopectin solutions were prepared by weight after drying in

vacuo at 75°C.
The solvent used for the acetates was chloroform and the

solution concentrations wer« determined as described on p, 22 . The

results are ©hown in Figs. 14 and 15,

m
(v) Osmotic pr-;- saure measurements (carried out in collaboration with |• -

pr# w. S. Broatoh, see section 1?)|
Measurements of the osmotic pressure (3t ) of the amylose aeetatsi

and two amylopectin acetates fa.om series I were carried out in

chloroform using the Gilbert-Braff-Baker-Greeawoou osmometer described J
in section I, Pressures were measured statically after an initial

6 tting 0 1,0 cms, below th- expected value. The Value of Jt for

several concentrations was measured and the intercept (rt/c) was .1
then obtained,from a linear graph of 3t/o against c, Number average

3
<r a

f " ' '
• a ■ "•". •••' ■. ' •<: *
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molecular weights (Mn) wer-: c tlouXated from * R. (c/3C )0 where 7Z
is measured in dynes g^em,, and c expressed as g.csf^,

(vi) Scdimentation measurement t &,

The solvent used in all measurements was 0,21! potassium hydroxide.

Sedimentation coefficients (s^,) were measured for several
concentrations and (SgQ^o obtained from a plot of s2q against c.
Typical curves are shown in Fig,16,

(vii) suimtion of the amount of granule solubilized by ■■s.oid,

A 2J» suspension of starch in 0,211 hydrochloric acid, was

stirred at 45°C under nitrogen for 1 hour, A portion of the

suspension was removed, cooled and centrifuged. The supernatant was

then reduced in volume ant. the <mouat of glucose obtained after

hydrolysis with 3$-suxphuric acid for 2 hours at 100°0 was determined,

using alk'aliae-ferricytuai<?e reagent as described on p, 11,

The starch was treated for a further 3 hours and the additional

glucose in the supernatant estimated as before• The residual

granules were washed, dried and weighed. From this it was possible

o calculate the fraction of the starch granule which was being

dissolved by the acid,

(viii) lelection of oligosaccharides,

la order to investigate whether oligosaccharides were present

inside the granule after acid treatment, an acid treated starch was

leached with hot water.

Starch (2 g,) was treated with 0,2M hy«,-roohlorio acid for 4 hours
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and isolated as acscribed above. This sample was then gelatinised

at 70°C in water (40o mis.) for 1 hour under nitrogen, then stored

at 0°C for 4 hours. The supernatant was removed and the amyloee

precipitated with but.i.n-i~oI» The resultant supernatant liquor was

then evaporated to urynese under reduced pressure and the residue

extracted with a small volume of 503& methanol. This extract was

then examined chromatographically (solvent * butan-l-ol - benzene -

pyridine - water, 5*1*3*3; top iuyer, development time 12 hours at 18%),
Oligosaccharides were detected, but they could not be separated or

identified.

(ix) Estimation of the unit chain lengths of the amylopeetin fr,cti:n .

The chain lengths of the amylopeotlns obtained in series II were

determined using the method of Potter and Hassid {65).

Amylopeotin (O.I - 0,2 g.) was treated with a solution of Q.37M

sodium met&pertodut* (5 ifils.) and 3# sodium chloride (5 mis.) sit 2°0.
The liberated formic aciu was estimated by titration to pH6«25 (66),

with 0.01W sodium hyuroxide (carbonate free) using a pK-meter.

Titrations were -also carried out using a mixed indicator (methyl red,

0.04^? 10 vols., and methylene blue, 0.04^, I vol.).

As one molecule of formic acid is released for each non-reducing

end group, the average chain length can be calculated as followss

x mis. of y$ Jf&QH were required to neutralise H.CGQH from Z ag»
of sample.

• *• moles .. .. .» ,, .. .. #• »• 2mg.
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,*, No. of anhyarogxucoae unite/
^ 2 x XQOQ

mole of formic acid 162 x 1000 xy

■ Average chain length

The yield of formic acid, under the above conditions, was

found to be constant after 25 hours.

(x} ^ -ajBTjoiyaii-:. of amylopeotins.
The ^ -limits of the ..atyxopectinn from series 11, were

determined by Br. 1. I). Fleming.

2, HESOITS

(i) .Examination of .,cid trateu whole starches.

Starch granules, when viewed uouer a polarising microscope

between crossed nieois, exhibit birefringent properties ana give a

black cross known as a "Maltese cross*. Birefringence was still

present in granules treated with acid for 24 hours, indicating that

although the components were degraded the crystallinity associated

with the granule was relatively unaffected. Acid treated granules

were also founa to disperse more readily than the original granule,

and form thin less viscous pastes.

The amount of starch which was dissolved by the acid was

remarkably small, as no more than 1% of the total granular weight

ooulc be detected in solution as reducing sugars after 4 hours acid-

treatment. In the first hour approximately 0.2% was oolubilized and

after a further 3 hours, 0.8% of the granule had. dissolved. The
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chromatographic analysis of the internal contents of the granule was

unsatisfactory, and only traces of oligosaccharides could have been

present.

Component degradation was also aeteeted by measuring the

increase in apparent reducing power of the whole starch, which was

obtained by measuring the number of end groups liber .tea by chain

scission. This was estimated by treating the starches with alkaline-

ferricyanide reagent.

The results indicate that the reducing power increases

regularly with time of acid-treatment as shown?

Time of aoid-treatment (hrs.) 01234

The results also show that in the presence of oxygen there is

a greater increase in reducing power apparently due to simultaneous

oxygen degradation.

The iodine binding powers of the whole starches isolated after

various times of acid-treatment were measured. Typical potentiometrio

iodlrie-ti oration curves are shown in Fig. 17a, and show that there is

an apparent increase in the iodine binding power up to about 1 hour

followed by a decrease thereafter. The slope of the linear portion

of the curve wqa found to increase with time of acid treatment, as

did the activity of the free iodine concentration necessary to saturate

the linear amyiose component (34).

In N2 0,40 2,80 5.00 7.40 9.83
In 02 0.10 4,90 8.75 13.92 18.40



Si 4.
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The curve for the original starch is shown as the dotted line.

The results are shown in Table x.3.

TABLE lt,3.

Time of acid treatment (hra.) 0 t X 2 3 4
Hedskin starch .. ..) I .A,* 4.03 4.25 - 3.89 3.10
series I )amylose (£) 20.70 - 21.80 - 20.00 15.90

Arran Banner •• ••) l.A.x 4.03 4.51 4.30 4.11 3.60 3.07
starch - series II >A®ylose (#) 20.70 23.10 22.0 21.10 18.50 15.80

x - I.A. •» Iodine affinity.

(ii) Prou rties of the fractionated components.

Potentiomc trie titration curves were normal for the amyiose

components, but the amylopectin curves were found to be abnormal (see

Fig, 17b), and did not possess the linear increase in bound iodine

exhibited by untreated amylopeotin (broken our-ve in Fig. 17b). The

amyiose components generally had higher iodine binding powers than

the untreated material but the titration curves did not differ in shape,

Detailed results of the physical' measurements carried out on the

aep&rat d components are given in section IV". The summarised results

are shown in tables 2,3 and 3.3.

TABLB 2.3.
Properties of the amylose components.

Series I - BeosKin amyiose

Acid
Treatment I.A. fa] in

M-KGM
1).P.X

(oaic.)
BO of

acetate from 7Z
Is.P.

(obs.) 1013B
<

0 hr. 19.5 470 3480 — » 12,0
1 " 220 1630 370 470,000 1630 9.9
2 » 20.3 190 1370 335 400,000 1390 8.3
3 " 140 1040 305 302,000 1050 7.3
4 « 20.7 130 925 270 286,000 990 6.2
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Series 11 - Arrua Banner nayiose,

Acid
Treatment

0 hr.
1 hr.
1 hr.
2 hr.
3 hr.
4 hr.

24 hrs.

I.A.
in

M-K.0II
1>.P.X

(calc.) 10i3s
19.5

15.3
19.8

mm

520
280
225
201
117
152

73

3850
2070
1670
1490
1310
1130

540

13.0

7.1
5.8

ATB
2.9

X.A. -louine affinity; 3
section IV; is Sedimentation constant in c.g.s,
e = j.075 g./lOG mle#

Calculated from VP * 7.4 {f]] see
units at

TABLE 3.3.

Properties of the amyiopectin components.

Series 1 - Regskin amyiopectin.

Acid \f\] in of
treatment M-EQH acetate

M
n

from X
0 hr.
X hi-.
2 hr.
3 hr.
4 hr.

182
123
118
113
105

220
205
220
200

1.1 x 10,
1.0 x 10

1013s<
175

60
52
43
35

e•aoylolynis
limit x

56.5
57.4
58.2
58.1
57.5

Series II - krr a Bami.-x- amyxopectins.

Acid E^J in Av. unit 1Q13
treatment M-KOB chain length "o

0 hr. 182 25 175
1 hr. 112 24 63
1 hr. 122 26 58
2 hr. 110 25 US
3 hr. 108 24 42
4 hr. 106 24 34

24 hr. 48 22 14

x Determined by Dr. I, JU« Fleming.

(ill) Rate of degradation

By measuring the sise of the separated components the rate of

degradation could be estimated.
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The de&r&dation was expressed as (a) the amber of bonds broken/

initial polysaccharide mouecule, and (b) the variation of i/^] # both
as a function of time.

The plot of Ujfl against t (Pig. 18) shows a rapid decrease
in viscosity followed by an apparent retardation in rate, a phenomenon

interpreted by many workers as an approach to a limiting value of the

molecular weight. Thus, however, is a fallacious assumption as

measuring the rate of change of does not give the rate of the

degradation reaction (67# 68).

A measure of the degradation rate may be obtained by plotting

^[7] as a function of t, and the use of this function is justified

as follows*

The number of bonds broken/initial molecule • j |jp| - 1 ^
where Mo » the initial number average molecular weight

and. It * the number average molecular weight after time t.

, % the number of bones broken/w g, of polysaccharide

(l4) " is [ if - 1 j
N m Avogadro•s number.

This can be re-written as -

q - | if|- " air I
From the fact that there is a large initial drop in [7] « seems

likely that the degradation is random, ana for a randomly degraded

polymer the number average molecular weight is approximately half the

weight average molecular weight (69).
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Also in the equation at can be taken as unity (f«|
section IV) and we have:

for the two series of amyioses in Fig, 19. In Fig, 19a the linear

portions of the curves correspond to rates 0,5 and 0,4 bono broken/

initial anyiene molecule per hour, for Redskin (curve 1) and Arran

Banner (curve 2) amylose© respectively, A plot of (s /s - 1) againstQ v

t (where s and a, are sedimentation coefficients at times o and t
O w

respectively) was also founu to be linear for Redskin asiylose (curve 3)

and the amylopectine from both series (curve 4), Fig, 19b shows fcj]
against t for Redskin amylose (curve 1) and Arran Banner aayioee

(curve 2) ,

She rate of degradation obtained from curve 3 i® only 0,2, but

this can be explained by the fact that s will not be directly

proportional to r.JP, changes because the diffusion constant of the

amylose will also change with decrease in molecular weight,

In the case of the rayiopec tins it is more difficult co obtain

absolute molecular weight values. However, a® the molecule is

considerably larger, the variation of the diffusion constant was

assumed to be small and the linear portion of the curve was taken as

a direct measure of the degradation rate. This gave a value of 0.7

bond broken/initial molecule/hour.

It was found that the extrapolated linear portions of the curves

did not pass through the origin.

jfy] rn Kjm - 2K.Mn
q * I *iwi

n fyj
Graphs of number of bonus broken
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DISCUSSION.

The previous studies on the acid degradation of starch granules

had produced conflicting results and the experimental conditions were

chosen such that a direct comparison could be made with the evidence

produced by both Meyer and I/enzi (55) and Kerr (64), Their data

was not sufficient, however, to permit comparison of actual degradation

rates, and, as Kerr had expressed his results in terms of fluidities

rather than time of acid treatment, any comparison could only be

approximate.

(i) General observations on the whole granules.

It was found that the acid had not noticeably affected the

erystuliinity of the starch granules, as the birefringent properties

were not altered. It would seem reasonable to assume, ther fore,

that the attack is mainly on the amorphous region of the granule, and

that the crystalline regions have only undergone a slow attack.

This conclusion is supported by the evidence of other workers,

S^ostrom (70) found that after treatment with acid the granules did

not swell, but tended to break up into smaller units which retained

their cryetallinity, Meyer and Bernfeld (56) observed a similar

phenomenon, and Aisberg (63) also reported that the action of 7.5#

hydrochloric acid destroyed the swelling powers of the granule and

broke it up into blocks. He suggested that the amorphous part had

been modified and this portion w s responsible for the swelling

properties.

This might well account for the ease of fractionation of the acid
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treated starches. The amorphous region, which 1b most likely

composed mainly of amylopectia, when modified by the acid, would

allow the amylase to escape more readily, and as the amylose would

also be smaller solu ion would be ei'f cted more easily.

Contrary to Meyer and Meaaii (55), who reported no change in

the iodine binding, power of their acid-tr ated starches, the

potentiometric iodine-titrations Indicated a small increase (in the

first hour) followed by a decrease in the apparent percentage of

linear material in the granule. It is of interest to note here that

lanski, Kooi and Sohoch(47) found that acid modified maiee starches

had lower iodine affinities than the original.

the iodine affinity of a starch can only be changed if the ratio

of the amylose to amylopeotin in the granule is altered by solution

of one or other of the components, or if the degradation components

have different iodine binding characteristics. The iodine binding

eharactorie tic o of the aaylose components were virtually unaffected,

but the amylopectia bound a little more iodine than normal. The

results can be explained if the weight losses are examined. In the

first hour 0.2$ of the total granular weight was dissolved by the

acid? if this is assumed to be entirely amylopectin it would account

for a rise of 0.3 - 0.5$ in the effective amyla: © content (on the

basis of 20$ amylasei 80$ amyiopectin in the granule). This would

account for the apparent increase in percentage amylose detected in

the iodine titration curves. la the next 3 hours, 0.8$ is lost,

which, if it is assumed to be amyloee, would account for about 4$ of
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the total aayiose content and so agree reasonably well with the

obeerv d iodine binding power of the starches.

On this argument the outer layer must be predominantly

aayiopectin which is attached first, unu the smaller aoylose inside

can dissolve out aoi* reauily. . this surest ion is not unreasonable

as Meyer proposed that the outer layer ooaeieted of approximately 90?*

amylopectin. il o m this component constitute® 4/5th© of the total

granule, the probability of an outer layer of amylopeotin existing is

high,

(11) sgradution of the components in tku rr.,nule.

The degradation results do not -igree entirely with either Meyer

and Mensi (93) ex Kerr (64). Frost the rate curves shown in Fig. 19

the anylopectin component is degraded faster than the anylose component.

The amylopeotia, therefore, must be far more accessible to attach

than the amylose, because the 01-1:6 bonds, present in amylopec&in to

the extent of approximately 1 in 20, are r» ported to be stronger than

the o^»lt4 bond (lb).

The fact that the curves do not pass through the origin suggests

that there are two reactions occurring which have different rate

constants. By comparison with oeliuiore chemistry, this two stage

attach oan be pictured a© a rapid initial attack on the amorphous

regions of the granule (consisting of both amyloe© and omylopectin

moleoules), followed by a slower attack on the crystalline region®.

Thee® crystalline region® will be less susceptible to penetration by

hydrogen lone, thus confining the attack to the surface of the

crystallites.



89.

Although both components exhibit this effect, results indicate

that the amylopectin is preferentially degraded. This is compatible

with the idea that the amorphous regions are mainly amylopectin, which,

due to its highly branched structure, would not fit easily into a

crystal lattice in which a high degree of alignment is necessary.

The amylase component, even after 24 hours treatment, is only

degraded to a limited extent, having approximately had 6 bonds broken/

initial molecule. This attack is slower than that; on the isolated

component (71) and suggests tha^ the diffusion of hydrogen ions into

the inner regions of the unswollen granule and the crystallites is a

time dependent process and not instantaneous as suggested by Lathe

and fiuthven (72).

There is a slight difference in the rates of degradation of the

two series of amylase fractions. It was thought that this was due to

the fact that the Redskin starch, having been stored under methanol,

was more dehydrated than the Arran Banner starch. This could result

in a weakening of the granular structure allowing the acid more ready

access to the inner regions, and also to the crystalline regions which

with less water of crystallisation might be more readily attacked,

Kerr (64) concluded from his results that the araylopeeiin was

degraded preferentially by acid while the amyiose first formed a stable

complex with hydrogen ions, and only when the amylopeotia had been

degraded considerably did the amyiose break-down begin. Ulmann (73)
reached similar conclusions from chromatographic evidence,

Meyer and Menzi (55) on the other hand reported that both
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components were degraded simultaneously, but they used a chemical

•end-group' method to measure the molecular weights of their products,

The accuracy of such a method would depend on a large number of bonds

being broken during the reaction which is not the case, The changes

in reducing power observed by these workers can probably be explained

by the "peeling action" (74) of their reagent, 2s4 uinitrosalicyllc

acid, which would produce larger values for the reducing power than

actually existed.

The results obtained here suggest that both components axe

degraded simultaneously but that -uayiopectin is degraded more rapidly.

(ill) Granular structure.

Bundle, laasch and French (75) have reported, on the basis of

X-ray diffraction studies, that 50 - 60$ of the starch granule is

crystalline. Similar studies on the separated components have shown

that fibre patterns can be obtained from amylooe, but that amylopectin

gives poor or amorphous patterns. When arranged in the granule,

however, amylopectin doe© exhibit crystallinety as Bear and French (76)
have found that waxy maisse starch granules (which are pr« dominantly

amylopectin) give diffraction patternst also as the amyloee component

is only present to the extent of 20$ of the granule, and the calculated

crystallinity is 50 - 60$, the amylopectin molecules must be capable

of partial alignment. It has falso been shown (77) that on complete

dehydration the X-ray diagram indicates an amorphous condition, so

that the single molecule of water associated with each glucose unit

Is important for crystallite formation.
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Meyer (46) pictured the starch granule as a structure containing

radially ordered needle-like crystals held together by some elastic

element# The amylose molecules form the crystals and the outer

branches of the amylopectin are also gathered together in the crystals,

which are now linked by these larger branched structures. The granule

is built up of shells each composed of a resistant outer layer and an

inner water soluble portion. The outer layer he considered to consist

of 9<¥- amylopeotin and 10# of amylose Ag ('4.100* see p.65) which
formed mixed crystals and could only be separated on complete solution.

The inner portion consists of amylose A^» readily soluble in water.
This picture agrees reasonably well with the evidence presented

in section II. The 'A.10G* amylose is difficult to remove except

by complete granular disruption and the 'sacs' were found to be 93 -

98^ aEiylopeotin.

The attack of the granule by acid can be satisfactorily described

using this concept of granular structure.

The acid attacks the outer layer dissolving the loose chid.a ends

of the amylopeotln molecules. This process is accompanied by diffusion

of the acid into the granule in the absence of swelling, with attack

of the amorphous regions together with a much slower attack on the

crystallites. The amorphous regions are composed mainly of

anylopectln and the larger amylcac molecules which are not bound

completely in the crystalline regions. As the amylopectin chain

ends are probably incorporated in the crystallites, the centre or

'backbone' of the amyiopectin molecule will be the most likely point

of attack. Thus the molecules are probably broken near the centre
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(agreeing with the large initial drop In I),P., not wholly aoeomated

for by the fact that weight average molecular weights are being

measured), and the general structure which is responsible for

granular swelling is weakened» This would account for the loss

of swelling properties generally observed after acid treatment.

Subsequent degradation then entails attack of the amorphous

region and a ©lower degradation of the crystalline areas.

The results indicate the possibility of an outer layer of

amylopectin in the untwoile-n granule and agree well with the Meyer

concept of granular structure.
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INTRODUCTION

Very few studies have been made on the hydrodynamio behaviour

of the separated starch components. Such measurements are useful

in determining the shape of the molecules in solution, and an

attempt has been made here to apply current theories of the solution

properties of polymers to the aiaylose and, in a lesser degree, to

amylopectin fractions.

In 1939 Freudenberg and co-workers (?8) concluded that the

most probable form for amylos© was helical and that 6 glucose units

would produce a strainlees helix of 13 A diameter and pitch 8 A.

This was substantiated by Rundle and French (79) who confirmed these

dimensions on the basis of X-ray studies on the aaylose-iodin©

complex. The existence of the helical form in solution ha© never

been established with certainty, although Boabrow and Beckmann (80)

who studied amylase acetates in methyl acetate, have interpreted

their ultracentrifugal and viseometrie data as supporting this

suggestion.

Considerable variation exists between previous result* in the

literature, Foster and Hixon (81) considered amylose to be a stiff

rod in solution (on the basis of atomic models), and proposed that

the exponent * , in the Mark~Iiouwink equation, should lie between 1

and 2. They studied aiaylose acetates in chloroform and also the

unsubstituted amyloses in ethyleneaiaiaine and obtained a value of 1,5

for <x in both cases. Potter and Hassid (82), however, using

subfractione of potato amylose arrived at a value of «. « 1 from
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viscosity and number average molecular weight measurements, while

Goodison and Higginbotham (83) examined sago, tapioca and maize

amylose acetates in nitroethane and obtained <x -values of 0.44, 0.65

and 0.87 respectively.

In any study of the hydrodynamic behaviour of high polymers,

the samples used should have a narrow molecular weight distribution,

The components studied here, however, are unfraotioaated, but as most

fractionated samples are polydisperse to some extent, a correction

factor for heterogeneity can be applied when necessary, without

involving a large error.
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FIG.2Q.

X X v. M.

-4-05

-5S5
5

«
IO

•

— -5

M„x 10 .

I09I toqt; v. (oqM„

-o-8

-0-4-

5-^oCr
•

5-4 5*8
• 1

I09 Mn
fco
I

logRTAj
■2fe

__c>

(°gRTA?v. logMn •

•1-8 -

k

5-4- 5-fc 5-6 los^
1 l

b-o ~ - - - _

1



<3*
c 6r 'o S/cfriy

JC C ,

/c

Jo

'o.s
-O-

"D—

-O O-q-

^.ylo, «fe.
47Q ■Cr

-O-

TJ
-O-

'o.

O ><9»

/cf*«

'/•5

ft" Or "7

I'O

6r'o

C(3/»tQ*

-Q-Q-

-Cr
-o-

-o-j

o-f

/O

/o

& "»d,5/nea)

r

9-3

S/oo.



96,

OSMOMETRY.

The general theory of osmotic pressure has already been

described in section I,

When measurements are made in dilute solution the osmotic

pressure (3t) may be represented by any one of the following

equivalent expansions »

~ • — + Bo * Cc2 ♦ 54.
C K

~ - RT [ i * A2c ♦ A3C2 ♦ j 55.

O " SU 1 * r2° * r3°2 * •") 56'
in which B, Ag and Fg are second virial coefficients. This
coefficient is related to the extension of a random coil in a given

solvent and gives a relative measure of how "good" a solvent is for

the polymer under consideration. If the sample prefers polymer-

solvent contacts (i.e. in a good solvent), the coil will expand

due to interaction with the solvent and this causes 3»/c to

increase with o? the slope of the curve being dependent on the

extent of the interaction. Thus a large slope Indicates that

polymer-solvent contacts are preferred, whereas a small slope

suggests that polymer-polymer contacts are more likely. As the

second virial coefficient is obtained by measuring this slope,

It is used as an indication of these solvent effects.



97,

From the lattice theory of polymer solutions, developed from

classical thermodynamics, Huggins (84) and flory (13) proposed the

equation

S . f */2-*U£!i2f 57.°2 2 12 3Mla2
where and Mg are the molecular weights of solvent and solute,
> is the interaction coefficient, |L and d2 are densities of solvent

and solute respectively. The third term can usually he neglected.

The function ^ gives a relative measure of the polymer-solvent

interaction and has as its limiting value 0.5, obtained when the

precipitation point is reached, This is analogous to a value of

Ag » 0 which also indicates that phase separation is imminent, and
the osmotic pressure equation 61 reduce© to the limiting van*t

Hoff equation 18 (i.e. the solution behaves- ideally).

The value J/ is found to he temperature dependent and so will

reach 0,3 at a particular temperature for every polymer-solvent

system. This is equivalent to the "Theta" temperature which is an

important feature of the more recent dilute solution theory developed

t&r Flory (85),

"// value® calculated from equation 57 for the samples studied

are shown in table 1,4,, and agree well with Kigginbotham*s results

<83) which ranged from 0,384 to 0,417, These values were calculated

using a value of 1*361 for the density (83) of aaylose triacetate.

The results also show a significant trend with !if and this is shown

in Fig, 20a,
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'.Cable 1.4.

Sample r x 10-5
n

% bxa2 r2
a, 98 15*00 0.410 1,50 9.80
k 11.10 0*398 1.72 7*80
j 8.88 0.396 1,75 6,25
h 6.70 0.407 1.56 4.34

a.70 4.95 0.405 1,60 3.14
ATS 1 4.70 0,405 1.60 3.02
ats 2 4.00 0,403 1.62 2.57
ats 3 3*02 0.401 1.65 1.99
ATS 4 2.86 0.395 1,76 1.97

Equation 57 has not proved completely satisfactory, and

Flory (85) has advanced a statistical theory in which he pictures

a dilute polymer solution ae consisting of discrete regions

containing a randomly coiled polymer surrounded by pur© solvent.

From this theory, the concept of an excluded volume (u) arises, which

can be defined ae the volume in solution from which a polymer molecule

will exclude all others in a dilute solution. It can be related to

the second virial coefficient by

A2 » m*. .... 58

and to the Flory-Hugglns interaction constant by

u - (1 - 2 V) M.v.F( X ) 59

where V » the partial specific volume and F(x) is a complex function

which may be defined by the following equations -
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2

,<x) = l - -57J—* -3^— so
2 .21 * .31

and X n 20(1 - 2% s 2(0t2 - 1).m

Ok «■ expansion factor and Cffl m const, (cf. section I, p.9.).
/

The Flory expansion of the osmotic pressure equation (56) has

proved to be the most satisfactory one and allows for curvature in

the tf/c against o plot, which is encountered in most polyaer-soIveat

systems. This curvature is embodied in Tand T*2 is a measure of
the solvent solute interaction, analogous to % in the original theory.

The equation has been simplified by assuming Fg ~ £ F3 &t i°w
dilutions, and the value of g suggested originally was 5/8, if the

polymer molecule was regarded as an impenetrable sphere. However,

Stoekaeyer and Gasassa (86) used g » 1/4 and this value proved more

satisfactory. Equation 56 can then be written as

JLS ( jt )
o ' « '» [1 * ^ J °] 61

When this equation was applied to the experimental data obtained here,

the required values of g were very small indeed. T"^ values are
shown in table 1,4 and log T2 against log Mn is shown in Pig. 20b,
The values are found to decrease with molecular weight in accordance

with this theory. The second virial coefficients can be related

to the various factors of the dilute solution theory by the following

relations »
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m2 • V2 rn ltt| {1/2 ) F ( % ) m . 0/t) F(x ,
M2 Mxd22 MJLV

62.

From this the value of y (1 - 0/f) was obtained from a knowledge of

#•
Fiery*s dilute solution theory also predicts that the second

virial coefficient will decrease with increase in molecular weight.

The results, shown in table 1.4, agree with this (except J and K)

although the actual change is small. The second virial coefficient

can be calculated by using viscosity measurements and the above

relationships (62).

so. x = (33/2l/2 * 3/2) -yd - f/UUjVg/Jyj) a2/(f2)3/'2
- 1.712 x 10"26(l/2 - %) & %/t 63.

(r )3/

By assuming the value of 2.5 II 1G2"** for the universal constant 4* »

quoted by Flory, and by using the equation

r - & (r 2)3/2[<]J « * 1 64
Sn

values of (r^2)"^2 were obtained and substituted in 63.
The function F(x) can then be obtained and a series of values

for xhe second virial coefficient obtained as a function of M_,
U

Values are tabulated in table 2.4.
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Sample ~\^'/{t2)^2
A.98 4.5 x 1026

H 3.22
a.70 2.58
ATS 1 " 3.18
ATS 2 2,98
ATS 3 2.54
ATS 4 2.55

A graph of log RTAg against log Mn is shown in Fig, 20c., and
the calculated values are shown as the broken line. The agreement

is not particularly good but Krigbau© and Fiery (87) have suggested

that this may be due to the fact that the exact form of F(x) may

not be given correctly by equation 60.

Number average molecular weight© were substituted in equation

64, which is the correct average to use in the relationship (88).

This yields number average values of the end to end distance (?n) of
the molecule.

The values of F(x) approach unity as the "iheta" temperature

is approached in a poor solvent. From the results in table 2,4,

it would appear that the temperature (22,5°C) used here must be close

to this ideal temperature.

table 2.4.

x f(x) htao
(calo)

01 In
(a)

0.694 0.89 1.35 1,16 1714

0.514 0.91 1.42 1.12 1117
0.420 0.93 1.48 1.10 983
0,515 0,91 1.45 1.12 886

0,495 0.92 1.50 1.12 811
0.431 0.93 1.54 1.10 711

0,459 0,93 1.63 l.U 684
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viscosity mb seiimb?etatiom .

I I III, I.■■ I,'I ill' .111111 - I LI,».,!■, I ill II in j'n" II t'l'iM1

(a) Sedimentation.

Little* work has been carried out on the sedimentation of

starch components, Bombrow and Beokmann (80) examined the

sedimentation behaviour of amylose triacetate© in methyl acetate,

but they did not work below a concentration of 0,3 g,/100 mis, and

used straight line extrapolations to obtain sq#
Foster and Stacey (89) recently studied the sedimentation of

aaylopectla from various sources, using water and ethylene-diamine

as solvent®, but their samples were impure and they had to measure

two peaks. Shis is very unsatisfactory and true sedimentation

coefficients cannot be obtained when more than one component is

present as each interferes with the movement of the other (90),

The use of 0,211-potasnium hydroxide as a solvent for the

starch components was fount to be very satisfactory, and was used

throughout (see sections II, 111 and V,)* The components dissolved

fairly readily in this medium and they were ©table in air for the

length of time required for measurement.

Both components were found to be markedly concentration

dependent and this effect was most pronounced in the case of

ttndegraded araylopectin (curve 1) which is shown in fig. 21 a,

together with an acid degraded amylopectin sample (curve 2), The

concentration dependence of the sedimentation coefficient is

consistent with the concept of a linear amylase molecule, but is
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rather surprising in the case of amylopectin, This molecule is

highly branched and is usually considered to be somewhat spheriosu. in

shape (lb). Glycogen, which is also thought to be spherical exhibits

little concentration dependence and behaves entirely differently from

amyiopectin.

The concentration dependence shown by amylopectin is probably

due to entanglement of the external chain® which are larger than those

in glycogen, thus only when the solution is extremely dilute will the

molecules manage to disengage and begin to sediment freely, Molecular

association and entanglement will slow down the sedimentation velocity

at high concentrations, thus a curve is obtained as shown in Pig. 21 a.

This interaction at high concentrations is also exhibited in

viscosity measurements. Glycogen ha® a very small value but potato

onyiopectin possesses an appreciable limiting viscosity number which

increases rapidly beyond a concentration of 0.3 g./IOO mis., see

Pig. 21 b.

It was found that free sedimentation of amylase molecules

did not begin uni.il concentrations of 0,2 g,/10Q mla. or less were

used, and above this most samples had approximately the same

sedimentation coefficient. Thus fractions were studied at

concentrations leas than 0,2 g,/100 mis. The critical concentration

in the case of amylopectin was approximately 0,4 g./lOO mis.

Extrapolation of the curves to aero concentration was

facilitated by plotting a x c againet c, which was found to be the

most useful function. Grale'n*s relationship -
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i • i ( 1 » Ed)
s sQ

did not prove very useful as the graphs were partly curved and were

no easier to extrapolate than the original results.

Results are shown in table 3.4, together with diffusion

constants and molecular weights calculated using Svedberg's equation.

?ABLE 3.4.

Sample sQ x 1013 7
D x 10' MSI) B,P,W

A.98 14.5 0,91 1,025,000 6,300
8 12.6 0,96 844,000 5,200
L 12.3 0.97 815,000 5,040
0 11.4 0.99 740,000 4,570

A,70 10.0 1.14 564,000 3,480
ATS .1 9.7 1,18 528,000 3,260
ATS. 2 8.2 1,25 421,900 2,600
ATS. 3 7.1 1.43 319,400 1,970
ATS. 4 6.2 1.50 265,000 1,640
ATS.24 3.6 2,00 115,800 715

I wish to thank Mr. W. A. J. Bryee for some diffusion me • sureae!

Average molecular weight froi>;. e ana p.

The value obtained by this method is rather fined and

is not a true weight-average molecular weight. The sedimentation

coefficient obtained from any sample is a measure of the rate of

movement of the most abundant species and if the sample has a very

skew distribution a true weight average will not be obtained. If,



105.

however, the distribution is symmetrical, then the s value and the

weight average value of D will yield an average molecular weight

which is close to a true weight average. As arayiose usually obeys

the above condition, Hg, values were taken as weight averages (91).

Viscosity.

(a) llon-Hewtoni&n Viscosity.

According to Newton*e law the velocity gradient in a liquid is

directly proportional to the shearing force. However, some solutions

of colloids and macromolecules tto not obey this relationship and

the apparent viscosity of such solutions decreases with increasing

V-locity gradient. This is especially true in the case of rod-

shaped particles whose contribution to viscosity will decrease with

increase in shear rat©, due to the fact that these particles will be

increasingly oriented in the direction of flow. The more flexible

the polymer chain, however, the less pronounced is this orienting

effect which is counteracted by the elasticity of the molecular

chain. Non-Newtonian behaviour is nevertheless still evident at

high rates of shear.

The non-Newtonian behaviour of amylose in M-potassium hydroxide

and amylose triacetate in chloroform was investigated using the

i&odified Ubbelohde viscometer described by Immergut and Schura (92).

The viscometer had four bulbs and the driving head in each could be

calculated using Meissner's formula -

m. - m0
h m ♦ ♦ # # * • 65
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m * initial distance, • final distance between the top level of

the liquid and the lower end of the capillary.

The average rate of shear ( ) may be related to the relative

viscosity (93)» assuming solvent and solution densities to be the

same, by -

X„ .3F. h K - . _fc_ 66.
3 1V» W 7rel

k is a constant for a giv u l-uib and a given kinematic viscosity Va

(i.e. absolute solvent viscosity/solv nt density).

The solution flow times for each of the bulbs were recorded and

the relative viscosity for each bulb was plotted against Jf calculated
from equation 66 for each concentration. Extrapolation to zero shear

was Bade yielding 7lift a* Vm *i(t %,p/Q oould then be plotted
against c from which q was obtained.

from the &}]-M relationships, detailed in the next subsection,
the values of the exponents suggest that the free component is more

rod-like than the acetate. Thus it ie to be expected that the

orientation of the molecules at high shear rates will be more

pronounced for the free component than for the acetate. This is

substantiated by experiment. The result®, recorded in table 4.4.,

show that no correction for shear was necessary below 4 for the

acetate®, but the free component exhibits non-Newtonian behaviour

over the complete range investigated.
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TABJLE 4.4.

Sample free component Acetate

^ (1230 sec^1) ^^-0 &?]
« 0

A.98 560 730 770 840
L 410 530 - «.

H 340 442 520 565
A.70 240 311 510 550

ATS.l 220 280 375 375
ATS. 2 185 245 335 335
ATS, 3 140 180 310 310
ATS. 4 125 160 280 280

ATS.24 73 92 m* «• ,

The viscosity value® reported in sections II, III and V wore

determined in the same viscometer which had an average shear gradient

of 1230 sees"""*". fig. 22 shows a plot of [^} against at aero
shear| the relationship is linear and is represented by

0 * °*7^ ^ 1230 sec"1
All subsequent calculations in this section involving viscosity

measurements us© values of Gj] at aero shear.

(b) Limiting viscosity number«-r.loiecuiar weight relationships.

As mentioned in section I, viscosity is ,a non absolute method

and it requires calibration with fraction® of known molecular

weights. The relationships used in sections II and III werej-

free component 7.4^] • I).P. ... ... 67
acetate (f)] m 4.3 (pTp.)0,61 ... 68
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which were obtained by plotting (^] against t obtained from osmotic
pressure measurements - see fig, 23 a, (c is expressed in g./ml,
and was measured at K • 1230 sees. ,)

Such relationships were sufficiently accurate for comparative

work, but they suffer from two major weaknesses, firstly viscosity

measurements would have to be carried out at shear rates of 1230 sec"1,
or the relationships would not be valid, and secondly the fractions

used in the calibration were not homogeneous.

Ideally, fractions for calibration purposes should possess a

narrow distribution so that M • W « ffij % if they do not have a
narrow distribution, should be plotted against Uvj and not ^ as
used above* It haa been pointed out by several authors (83# 85# 94)

that heterogeneity influences the constant K in the Msrk-Houwink

equation but not d , ana that the K value decreased as the fractions

became more homogeneous. When &• 1 then and it is

sufficiently accurate to plot fy* g against 1^, a© Wy is usually
close to the weight average value. fhese plots for both free

component and acetates are shown in Fig. 23 b and the equations

of the lines ares -

tree component Bp fg g ® Si#4 F ... ... 69
acetate |VjJ Q » 40 ... ... 70.

In the case of the free component &■ ~ 1.2 which indicates a

relatively stiff molecule In solution, whereas the acetate in

chloroform is rather less rigid and will behave much more like a

randomly kinked coil than the free component.
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(c) Axial Ratios (J.).

(1) Amylose*

The axial ratios for several of the amyioi3e samples were

calculated from viscosity measurements using Simian*s equation 8

and also Burger's relationship, which is merely the first term of

equation 8.

,he viscosity term was expressed as a volume fraction (*0 )
oiuviaLh^

by expressing the concentration in g,/ml, and sstaitiplying by the

partial specific volume (0,617). Graphs were construe «ed of

against J for both equations (see Pig, 24) and the results

are shown in table 5.4<

Table 3.4.

Sample ($y ia
M-KCB

J

tinha Burger
K

x 10"5 f/f0
A,98 1180 146 292 10,25 3.90
If 906 127 253 8,44 3.94
L 866 124 247 8.15 3.94

0 778 117 234 7,41 3.95

A,70 504 91 182 5.64 3.79

ATS,! 454 86 173 5,28 3.74

ATS, 2 397 80 159 4.22 3.80
ATS, 3 292 67 134 3.19 3.65

ATS, 4 259 62 125 2,66 3.70

ATS.24 149 47 92 1,16 3,66

Also shown in the table are frictions! ratios calculated from

f/f°
3 6^ (UN) {

kl/3

_/ 1 (BT)2</3( 1 - Vp^
3 6^ (*n) (? "or j

• « « 71

• 8,5 x 10r9 J
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but these are not accurate enough to drav^ many conclusions from, and

the uncertainties in the experimental determination of £ probably

account for this fact. When (f/fQ) is equated with Perrin*s equation
(95) for a prolate ellipsoid, axial ratios between 90 and 100 are

obtained, but the only conclusions one can deduce from these

particular results are that the molecules are not spherical and that

the aegree of solvation would appear to be approximately the same for

all samples.

If the molecular volume is equated with that of a prolate

spheroid, discrete values for the length and diameter of the molecules

may be obtained from the axial ratios as follows -

(If m Avogadro*e number)

after which L can be obtained. Results are shown in fable 6.4.

If the calculated length is divided by the h'.p,, an effective

length for the glucose residue can be obtained. On the basis of X-ray

measurements the glucose unit will ocoupy ^ 1.33A in the direction of

extension of the helix. The values in the table Indicate that it

occupies much less than this, but that this value is approached with

decrease in molecular weight.

72

and solving for d
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Table 6.4.

Simha
1/13*

Burger
? A*ii

Sample C(A ) L(l) 'fi(A) L(A)s A/1

A.98 6300 23.9 3490 0.55 19.0 5550 0,88
H 5200 23.5 2980 0.57 18.7 4700 0.90
L 5040 23.4 2880 0.57 18,6 4580 0.91
0 4370 23.1 2700 0,61 18.4 4300 0.98

A,70 3480 23.0 2090 0.60 18,2 3310 0.95
ATS.l 3260 23.0 1980 0.61 18.2 3140 0.96
ATS. 2 2600 21.8 1740 0.67 17.3 2750 1.05
ATS. 3 1970 21.0 1410 0.71 16.4 2200 1.12
ATS. 4 1640 20.6 1280 0.78 15.9 1990 1.21

ATS.24 715 16.9 795 1.11 13.5 1240 1.73

x Effective length of monomer (in A),

As it has already been suggested that the amyrose molecule

in M-potassium hydroxide is a relatively stiff rod, thus the results

could be interpreted as indicating that the molecule is in the form

of a swollen but compressed helix. This is of course using the

X-ray data for the dried complex as a standard. The diameter of the

helix was found to be 13 A (X-ray;, but it is nearly twice that

diameter in solution on th© basis of the Siraha equation. The value

of d is seen to decrease with molecular weight, while the molecule

extends somewhat, indicating that the molecule wiil assume an even

more rigid form as it decreases in size.

Alternatively, the molecular chain may occupy this ellipsoid

volume in a more random and less rigid manner, so that the average

diameter along the length of this volume is not necessarily that
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found. Thus the effective length of the monomer, as calculated above,

would bear no physical significance to its actual length, because the

molecule would be kinked and not completely extended. This is the

most likely explanation, and would still allow for rigidity in the

molecule ae a whole, because the average volume occupied would still

be approximately cylindrical.

The values from Burger*s equation are nearly twice the values

obtained using Siaha*s equation, and it is difficult to say which

equation is the best. However, if absolute results are ignored it

can be seen that the general trend described above is the eame in

both oases.

(ii) Amylose triacetate.

The data for the acetates were treated in a similar manner and

the results obtained are ae.ailed in table 7.4,

fiiBi, ■ 7.4.

Sample
Simha aA" Burger A/M

x 1Q-5 'j d h 'j d L

A,98 18.15 144 29.1 3900 0,62 290 23.0 6660 1,06

A.70 10,00 115 25.8 2970 0.85 230 20.4 4700 1.35

ATS.l 9.40 92 27.1 2500 0.77 185 21,5 3980 1.22

ATS, 2 7.50 86 25.7 2210 0.85 174 20.3 3540 1.36
ATS. 3 5.67 82 SO•CM 1950 0.99 167 18.8 3140 1.59

ATS. 4 4.72 79 22.5 1280 1.09 157 18,1 2830 1.73

It can be seen that the calculated diameters are larger than

for the free component, but this is to be expected as the acetyl groups

could be assumed to contribute a further 3 to 5 A which would make the
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diameter of the unsolvated molecule approximately 16 to 18 a. The

effective length of the monomer unit (k/M) is also larger than for

the free component, probably due to the fact that the triacetate will

be bulkier.

fhe earn* tendency for the molecule to stiffen and extend when

small is also observed here.

Peterlin (96) has suggested that the length of the molecule

may be obtained from viscosity measurements using the equation

r«j - 1.39 x 1CT8 (cot ^ )1/V/2 73
where tan a is the slope of M/fyl against M1^2. This function was
plotted for the acetates and the relationship

r? * 2,47 x 1CT8 M1/2 ... ... 74
was obtained, from which the values of r^ shown in table 8,4. were
calculated,

TABLE 8.4.

Sample r9 (A) r (cale,) r oalc./f7
A,98 3330 8400 2.51

A.70 2470 5800 2,34
ATS ,1 2370 4340 1.83
ATS. 2 2140 3470 1.62
ATS. 3 1860 2620 1.41

ATS. 4 1690 2180 1.29

The values agree rather well with those obtained from Siiaha«s

equation. The length of the extended molecule (r cale,) was

calculated from the L.P. assuming helical shape with 6 glucose units/
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helix of 8 A pitch. It can be seen that the calculated lengths

approach the experimental lengths as the molecular weight decreases.

This is in agreement with the previous observations that the molecule

becomes stiffer when small,

Molecular configuration of the acetates.

It has been shown (97) that the mean square end to end length

of a polymer molecule may be expressed as a function of ? .P. and the

average value of the cosine of the angle between one bond and the

plane of the two preceding bonds (cos ^ ), i.e.
-2 „ ,2 / 1 + cos 0\ / 1 ♦ 3STV \r. it (ii;"sjir; ,5

N • IFTp.» 0* supplement of the valence angle, 1 * bond length and

cos ft measures the degree of r -striction about the valenee bonds, i.e,

co?»^ « 0 indicates completely free rotation about the bonds.
If 1 is taken as 1.33 A which is the effective length of a

glucose unit in a helix in the direction of chain extension (X-ray

data) and 6 •65° - the supplement of the oxygen valence angle, then

cos (f> m 0,9945 which indio&tes a very marked hindrance to free
rotation. fhis is to be expected as the acetyl groups will cause

steric hindrance and also if the molecule is helical it will be fairl

stiff, thus increasing the cos $ factor.

Peterlin (96) has suggested that a permitted valence angle of

131° would be more suitable in aaylose triacetate, which gives a

value of cos^f «• 0.991. Even if a helical form is not considered,
i.e. - 1 a 5.15 A is taken (length of glucose monomer) - then
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cos m 0.93 which flUl indicates a high degree of restricted

rotation.

The values are thus in accord with the picture of the molecule

so far developed.

Effective bond length.

The effective bond length b * (r2/^)i/2,which should be

constant if H is sufficiently large and Gaussian or random flight

statistics are obeyed, was calculated for the fractions. In the

low molecular weight ranges the molecules often stiffen to such an

extent that coiling is restricted and Gaussian statistics are no

longer obeyed. This is not the case here, as b is found to be a

constant, see table 9#4.

table 9.4.

4»/

Sample b m (r_/N ) ,
W W

A,98 42.0 A

A.70 41,9
AT3.1 41,5
ATS,2 42.0

ATS.3 41,9
ATS,4 41,7

Configuration of >.he unsubstituted amylose.

Most of the current theories have been developed to describe

the behaviour of flexible polymers where the distribution of chain

segments in the excluded volume of the molecule may be described by

Gaussian statistics, Amylose, however, appears to be rather rigid

and does not always obey the relationships deduced.
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Sedimentation and, viscosity relationships.

1/2
For a matted coil S is proportional to M ' whereas for a free

draining ooil 5 is independent of M. A log S against log I plot

yielded
* 2,01 x 10~13 M0,64

o

indicating the molecule to be Intermediate between the two extreme

cases quoted above,

Kuhn (98) and Peterlin (96) have suggested that random coils

will be described by the equation, -

So « ax ♦ bx fN ,

fhe constant© ax and b^ can be related to the statistical
element of the polymer chain and also to the hyorodynamic thickness

but for aaylos® in potassium hydroxide a negative intercept was

obtained, this has alec been found for other stiff molecules such

as some cellulose derivatives and polystyrene in various solvents (99)*

Similarly the suggested plot (96) of M/ty against is*/2 resulted
in a negative slope instead of the positive on© predicted. Such

anomalies are not surprising, however, when these theories have been

developed on the assumption that she exponent & only varies fro® 0,5

to 1,0, and in the case of the free component this is 1,2, It

ha© also been shown (99) that this negative slope is real if the

molecules are assumed to be rather rigid rods,

Peterlin has suggested that the length of the molecule may be

obtained by using the equation -
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rg - 3,25 x 10*25eot ft ,Ki/2 ... ... 76
where tan ft is the slope of the [s]Q against M^2 curve and £s] 0 «■

The equation of this line found using the method of least

squares was • r i 1t. 1(f

LSJ0 * ~0*2 x 10 # 2»23 x

17
oot ft# 0.45 x 10 and equation 76 becomes

F3 a 1.46 x 10*V/2 77
The values calculated from this are shown in table 10,4,

ML- 10,4.

Sample S x 1015 rs( A ) M1/2
A,98 24.1 1465 1012.0

H 20.9 1330 918.7
L 20.4 1310 9 03.1
0 18,9 1260 870.6

A.70 16,3 1086 751.0

AlS.l 16.1 1050 726,9
ATS, 2 13.6 938 649.4
ATS. 3 11,8 816 565.2
ATS, 4 10.3 746 515,6
ATS,24 6.0 551 381.8

These do not agree well with those calculated from the axial

ratios in table 5.4.

By picturing the .polymer chain as a "pearl-necklace* t in which

the spatial distribution of beads is approximately Gaussian, Plory (85)
has shown that the molecular frictional coefficient should depend only

on the size of the molecule. Using the concept of an equiv lent
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hydrooyn.jaic sphere impenetrable to solvent, (i.e. a matted coil) to

describe the molecule, Fiery and Mandelkem (100) developed the

following equation which relates the frictional properties of this

sphere in translation to that in shear -

S0^]1/3K"2/3 - § 1/3 p -1(1 - 7p)/^0» 78
N » Avogadro' s number, and P «• a universal constant » 5.1.

Thus the quantity -

should be a constant. The results shown in table 11,4» show that

this is not so.

table 11.4.

Sample £ 1/5p-l x i0~6 S^tl)
A.98 4.2 1152

L 3.7
0 3.9

A.70 3.5 716

AT8.1 3.4 666
ATS.2 3.2 619
ATS.3 3.3 496
ATS,4 2,8 468

ATS,24 2,3

It would seem probable that the unsubstituted amylose does not

obey Gaussian statistics and does not behave like a matted coil. It

has been shown (85) that for & free draining coil (oj should increase
more rapidly than with -,h© first power of the olecular weight. This
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was found to be true as * ^ 1.2, and so the molecule is probably

represented more correctly by a free draining coil.

It is doubtful, therefore, whether it is valid to use
■t pi
9 » 2,5x10" as a constant in equation 64 to c ,ieuiate values of

r for the free component. These are shown in table 11,4f and have

been calculated using number average molecular weights (88), but

without light scattaring measurements to give r independently and so

obtain a value for $ , the validity of the results must remain in

some doubt.

Summary.

From the results obtained it appears certain that the

unsubstituted aayioce in potassium hydroxide is a rigid molecule and

as such does not obey Gaussian statistics. The triacetate in

chloroform assumes a more coiled configuration probably due to the

fact that it is in a theraodynoaically poorer solvent. The triacetate

is probably nearer a matted coil structure than the free amylose which

seem® to be a free Graining coll. In both oases it was found that

the length of the molecules increased with decrease in molecular

weight,

For a proper study to be made on amylase, well fractionated

samples should be used, and light-scattering measurements are essential.

The most convenient fcrm for examination is probably the acetate which

could be examined in several solvents. It wouid also be advantageous

to measure the & point which wouid enable a complete test of the

Fiery theory to b® made.
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THE MBCIUWISK OF THE PFGRALATIQM

OF gQgAVO AMLOSE BY ft -AMYltASB.



130.

IN|K0^jUCTI0N.

Th« genera.! action pattern of £ -amylase on amyiose, de; cribed
in section II, is well established, and the pure ensyi&e was found to

convert ca 75$ of the total amy.lose in potato starch to maltose.

However, the specific mode of attack is rather uncertain and

has been in dispute (lb). luiaitoa© may be produced by the enzyme

either by (a) attachment to one amyloee molecule, followed by a

stepwise removal of maltose until the molecule is completely degraded

before attacking another molecule ("ingle chain" action) or (b)

by removal of one maltose molecule on each random collision with an

amylose molecule, resulting in a simultaneous shortening of all the

molecules in the system ("multi-chain" action). It is also possible

to have mechanisms which are intermediate to (a) and (b).

It has been suggested toy Swansea (101), on the basis of iodine

absorption measurements, and Kerr and Cleveland (102) using physical

measurementa, that the mechanism fas of the "single-chain" type.

However, Bourne and Whelan (103) and Hopkins and Jellinek (1Ch)

concluded the reaction wae a "multi-chain" mechanism, again using

iodine absorp ..ion measurements. Swansea (101) had observed that

there was no shift in the wavelength of maximum absorption fXmax)
of the amylose-iodine complex and deduced the reaction was "single

chain". Bourne and WBMlan, however, detected a shift of A- m of* * max

80 during a hydrolysis which produced 86$ maltose, and decided

the reaction had a "multi-chain" mechanism.

This method of measuring molecular weight changes is very
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insensitive, and measurement of the size of the residual amylose

"by physical methods, at Intermediate stages of ^-amyiolysie would
be more accurate, and would also indicate the operative mechanism,

Thus, with a large eub&trate/enayme ratio the number average fTp.
of the residual amylose, at any time during a single-chain reaction,

will be the same as the original U,3?, up to the point where there are

e^ual numbers of amyloee and enzyme molecules in the reaction mixture.

At this stage a "multi-chain*1 action is inevitable. If, on the

other hand, a multi-chain action is taking place, the 3>„P» of the

amylose will decrease regularly throughout the reaction, and will be

proportional to the percentage conversion into maltose.

This approach to the problem has been mad© by Kerr and

Cleveland (102), who isolated the polymer product after 505* conversion

into maltose and measured its size. They found that the sample

possessed the mme iodine affinity, limiting viscosity number and

EJ?, as the original amylose (within experimental error). This

indicates fairly conclusively that the reaction is a "single chain"

mechanism, but as the measurements were limited to a 5Q£ conversion

dextrin it was decided to extend the investigation and examine the

products at varying degrees of conversion throughout the reaction.

Amylore samples fractionated in the presence and absence of

air and the *A,?0t subfmotion (see section II) were studied using

(a) pure A ~amyla.se and (b> £-amylase and g-enayrft*.
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ETOIMKHgAL.

1, Preparation of umylose samples.

Potato starch (var. irran Banner) was fractionated using thymol

followed by feutan-l-ol, in the presence and absence of air, as described

in section XI, A sample leached at 70UC was also used. The

products were characterised as previously described.

2, r-;ngyae preparation ana digest conditions.

Digests of barley and soya bean -amylase with the aiaylose

samples were prepared by Dr. I. P. Fleming,

Aoylose samples, when incubated with soya-bean p-amylase
(which showed, no Z-etizyawi activity;, at pH4,6 and 35°C, were TW>

converted to maltose. Un&er these conditions, barley ^-amylase
hyurolyzed all samples completely due to the concurrent action of

Z-enayme, The well contrifugeu amylose-butan-X-ol complex was

dissolved in water and buffered at pll'4.6 with acetate. The enzyme

was then added and the reaction rate could be followed by withdrawing

aliquot© at various time intervals and estimating the amount of maltose

liberated.

In all digests the concentration of enzyme was such that 50$

conv rsion had occurred within 30 mine, and hence retrogradation of

aaylose was unlikely.

3, Isolation of and measurements on ^ :;i2?lolysis products.
The size of the polymeric product at different percentage

conversions was obtained by withdrawing aliquot part: ( 2 ale.) of
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the digest and adding M-potaselum hydroxide (0.5 ml.) * The

resultant 0.2r:~potasslua hydroxide solution (m .ximum concentration

of aayloee 0.18 g./lGO mis#} was examined directly in the Spineo

ultracentrifuge, Each aliquot portion was studied at three dilutions

and a graph of against c constructed. Fro© this (s?o)0 was
obtained by extrapolation. The limiting dilution was 0.02 g,/100 ml.

From larger digests the 50>t conversion and llf p -limit dextrine were
isolated by adding tout&n-i-ol, then heating the digest for 2 ©iris,

on a boiling water-bath (to complete deactivation of the eneym©), and

allowing the butan-l-ol complexes to b© precipitated at room

temperature during 24 hours« The complexes were removed by

centrlfugation and washed thoroughly with butan-l-ol saturated water

to remove any maltose present.

RESDLT8 AHB DISOUSSIOII.

a study of the mechanism of p -amylolyois of aaylose is
complicated by the fact that different conversion limits can be

obtain©. , depending on the method of amylase extraction, Amyloee

obtained from a conventional fractionation is converted C£ 1% to

maltose, whereas a subtraction leached at 70°0 is found to b©

completely hydrolyaed by pure p -amylase• Thus the most suitable
substrate to be used to determine the mechanism of the reaction is

the *a.70* amylase, which does not possess any barriers to hydrolysis

and is therefore the ideal easaple to use. However, as other workers



have used whole amyloses, these were also studied in detail, A

further variation was examined: whole amyloses were treated with

^ -amylase and Z-snssyme (which removes the barrier to ^ -amylase),
as this gives conditions which are comparable to those in the

experiments using *A,1Q*, The action pa terns in these three cases

proved to be identical.

1. Action of pure ^-amylase.

The sample used (which had a 3).P. of 3#200) was prepared under

nitrogen and gave 1Tb conversion into maltose. Aliquot part© were

withdrawn from the digest at 3%, 45#, 55?& and 1Tb conversion into

maltose and examined in the ultrucentrifuge, The sedimentation

coefficient (s^j of the residual polymer, as a function of
concentration (c) is shown in Pig, 25 a. All the points lie on the

same curve, within experimental error, although there is a tendency

for the values at the earlier stages of conversion to b© slightly

higher. The original amylose sample lies on the same curve. Pig. 25a

also show® the corresponding plot of s 2q against sgo*0' as recommended
"by Gralen (2h) to facilitate extrapolation to infinite dilution, The

results are shown in table 1,5 (see p. 130),
The ^ -limit dextrin of the amyloo® was isolated from a large-

scale digest as described above and the limiting viscosity number,

sedimentation coefficient and iodine affinity determined.
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JjL lt)13< 20'o
Original amylose 4*30 19.5 13.1

77$ conversion limit 4.15 19.2 13.1

The sedimentation results are shown in Fig .2 5b and the

detailed results in fable 1.5 (see p.130 ). The points again lie on

the same curve and this shows that the maltose in the solution does

not influence the s2Q values when portions of the digest are studied
directly. The properties of the two polymers are the same within

experimental error.

Chromatographic analysis of the digest by tr. I. I). Fleming

showed that maltose was the only sugar present. Thus, in the

hydrolysis of amylase b ' pur© ^5-amylase at pH4.6 and 35°C, the
reaction mixture contains only maltose and amylase with a B.P,

greater than or equal to that of the original amylose.

From this evidence a single-chain mechanism must be operative.

It ha© been suggested (105) that the barrier to £-amylase
present in part of the amylase is an artefact introduced by air

oxidation during the isolation of the amylose ©ample. It has been

shown (105) that oxidation of the amyloee introduced barriers to

phosphorclysis, but amylose prepared under an atmosphere of oxygen

(section II) was hydrolyoed to 75$ conversion to maltose, so if

barriers are introduced by oxygen the ^-amylase enzyme must be
capable of surmounting them.

The enzymic degradation of this aaylose sample prepared under

oxygen was studied as before. The graphs of s^q against c and
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against s2q*c are shown in Pig,25 c for the residual polymer at 23^»
34$, 56$ and 75$ c aversion into maltose. Besuits are shown in

table 2,5 (see p.131 )« She values of s again lie on the same curve

as that for the original sample showing the P.P. to be independent

of the extent of conversion up to and including the limit.

Typical sedimentation diagrams are shown in 'Fig, 26 , taken

with a Sohlieren wire assembly, The speed in Jill case© is 60,000 r.p.m

and movement of the peak is from right to left. The times given below

axe those after reaching full oped. and the figures in parenthesis

after the times indicate the angle of the Sohlieren wire,

(a) Original amylase, c - 0.14g./100ml. at 5(70°), 9(65°), 13(60®) and
17(60°) mine,

(b) 77$ limit c - 0.13g,/100ml. at 5(70°), 9(60°), 13(60°) and
dextrin 19(60 ) mine,

(c) 50$ conversion c - O.llg./iOOml, at 5(70°), 9(60°), 14(60°) and
dextrin 18(60 ; laina,

(b), Agueous-leaohed amylose.

In orcer to confirm the action pattern, an amylose, which was

completely hydrolysed by pure ^ -amylase, was used ae a substrate.
This eliminated the complication met with above, where the barrier to

the enzyme rendered part of the amylase sample immune to attack.

The amyloco sample was leached from potato starch at 70° and a 54$

conversion dextrin was prepared from a large scale digest.

The limiting viscosity number of the dextrin (determined in K—

potassium hydroxide) was the same as that for the original amylase



 



127.

within experimental error, and the s?g value© for both lay on the
same curve. She results are shown in table 3*5 (see p.132),

She graphs of against c and against sgg.c are shown in
Fig.27 a . She results again indicate that the mechanism of

-amylolyeis is "single chain".

(c) Action of ^ -amylase and z-enzyme on whole amylooe.
Treatment of a whole aaylos® with Z-enaym© renders the sample

completely accessible to the action of £ -amylase« Thus eon:; it ions
involving the. concurrent action of 6 -amylase and Z-enzyrae may be

similar to those met with when studying the 'A.70* sample.

The sedimentation coefficients of aliquot parts, withdrawn at

35#, 535* and 64# conversion to maltose, were measured and found to lie

on the same curve as the original sample, Fig. 27b shows the results

of &2Q inst c and against ®00,o • 1 50# conversion dextrin was
isolated from a large scale experiment and was found to possess the

same limiting viscosity number, sedimentation coefficient and iodine

binding' power, within experimental error, as the original, as shown

in table 4,5 (ceo p.133).
Sedimentation results -are aaown in Fig. 27c and all viscosity

results are shown la Fig, 28.

The results again indicate "single chain" action,

2, The action pattern of -amylase.

The results obtained above, 'under the conditions of high substrate

to enzyme ratio, pH4.6 and 35°C, ^ -amylase degrades large 15,P#
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a.myios© by a single ohain mechanism. In agreement with Kerr arid

Cleveland*3 results, the enzyme must attach itself to an amylose

molecule and hydrolyse it completely before attaching another

substrate molecule* This mechanism agrees with the high "turn over"

number of 250,000 glyooeidic bonds hydrolysed by one enzyme molecule

per minute at 30° and pH4,8, reported by Knglard, Sorof and Singer

(106) fcr ^-amylase,
This action pattern does not appear to hold, however, for short

chain amylases. Bird and Hopkins (107), on the basis of iodine

absorption and reducing power measurements, found that amylose

dextrine (£7p. 16 - 30) were degraded by a multi-chain action, whilst

Bailey and French (i08) reported that short chain synthetic amyloses

(b.P,^ 40 - 50) were attacked by an intermediary mechanism, a

multi-chain mechanism also appears to hold at high temperatures (109),

and it is possible that the rate of diffusion of both the substrate

and the enzyme molecules is a controlling factor in the reaction.

Thus, with large substrate molecules, the rate of diffusion would be

small and the probability of the enzyme molecule colliding repeatedly

with the same substrate molecule rather than a neighbouring one is

high. Thus a single chain mechanism would prevail. If on the other

hand the substrate molecules were small, the diffusion constant would

be correspondingly larger and the tendency for a "multi-chain"

mechanism to operate would increase. Similarly a rise in temperature

would increase the thermal motion of the molecules, thus creating

conditions more suitable for a "multi-chain" mechanism,
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A® stated in section II, amylose can be regarded as consisting

of two fractions distinguishable by their behaviour on £ -aaylolysis.
Results incioate that 40$ of the aaiyiose of B.P, 1500 can be extracted

at 70°C from the granule, and this subfraction is hycrolysed completely

to maltose by pure ^ -amylase,
The whole amylose samples used in this work had a B»P, of 3,200

and had a ^ -limit of 77$. therefore there must be a fraction of
the aaylose sample 6Qfc) which contains the barri-. re to ^-amylolysis
ana which must have a $«$• of approximately 6,000, the ^ -limit of
this material will be to the first approximation 50$ (resulting in a

polymer of average I>,P# ^3»000).

the fact that this barrier exists in approximately 60$ of the

aiaylose, which could only be degraded by -amylase as far as f7f*

3,000 (i.e. the same as the initial 1>,P, of the whole sample), would

make any deductions concerning mechanism rather doubtful, as the

average J>.P» of the whole sample would probably remain at approximately

3,000 throughout the reaction. However, by studying the fraction

which is hydrolysed completely, the mechanism can be deduced

unequivocally on the basis of molecular weight measurement®| also

the concurrent notion of 2-onsym© removes the complicating feature,

(i.e, the barrier to complete hydrolysis), from the system,

Thus the present study indicates that at pK4,6 and 35°0,
6-amylase nydrolyr.es amylosea of high v ,p, 10^) by an essentially

"single-chain mechanism"*
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SSTAILKI BLSUL'XS OF PHYSICAL FUTS,

BSHUU2*

$ conversion

Original

Concentration
(g./lOO ml.)

0.120
0.075
0.060

0.030
0.015

0

820 x i0

5.9
7.0

7.9
9.8

11.2

13.1

13
20*°t»
x 10"1"5)
0.71

0.52

0.47

0.29
0.17

35$

0.036

0.026
0.018

6.9
9.4

10.5

0.32

0.25

0.19

45ft

0.031
0.022

0.014

9.7
9.8

10.7

0.30

0,22
0.16

0.025

0.018

0.013

10.5
10.8
11.5

0,26
0.19
0.15

75$
0.014

0.011
10.4

11.0

0.15
0.12

Isolated limit
dextrin 77$

0.254
0.130

0.100

0.073

0.051
0

4,0
5,9
6.3
7.4

8,2
13,1

1,04
0.77

0.63
0.54

0,42
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2ABL& 2,5*

Sample Concentration *20* 1013 00 scO X

( x 10"

0.350 3.2 1.12

Original.
0.140 5.5 0.77

Op-extracted 0,100 6,2 0,62

0.059 8,9 0.52

0.179 4.7 0,84

2^
conversion 0,110 7.0 0.77

0,074 7.3 0.54

0.153 5.1 0.78
U$>

conversion 0,095 6,6 0,63

0,070 8,0 0.56

0,102 6.5 0.66
56ji

conversion
0.064 8,3 0,53

0,036 9,1 0,33

1%
limit

0,058

0.036

0.026

8.2

9.4

9.9

0.48

0,34

0.26
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Original

54$ conversion
dextrin

TABLE 3*5.

Concentration
Sample ~H5Ia35"SI) 820 * X°13 S20'?. S^itOH(x!0X3)

0.260 4*3 1*12

0.200 i+,76 0.95

0.130 5.4 0.70 270

'AW 0.080 6,4 0.51

0.060 7.1 0.43

0 9.8

0.280 3.9 1.09

0.220 4.5 1.01

0.140 5.5 0,77 265

0.071 7.1 0,50

0,046 7.8 . 0.36

0 10,0
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TABLE 4. 5,

Sample

Original

50$ conversion
dextrin

35$ conversion

53$ conversion

64$ conversion

Concentration

0.240

0.120

0.080

0.030
0.020

0

0.230
0.114

0,090

0.065
0.046

0

0.120

0,060
0.030

0.087

0.054

0,036

0,066
0.042

0.032

s20 x 10'

4.4

5.9

6,8
9.8

10.4

13.1

4,3
6.1

6,7
7.7
9.0

13.1

6.8

7.9

10,7

6.9
8.5
9.6

8.2

8,5
9.0

13
S20£®

x 10XJ

1.06
0,71

0.54

0.29

0.21

0.99
0.69

0,60
0.50

0.41

0,82
0,47

0,32

0.60

0.46
0.35

0,30
0,22
0.16

BI in
M-KOH

I.A.1

430 19.5

425 19.6

is Iodine affinity,
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SUMMARY,

Physical methods of measuring the size arid shape of

macroiaoleoults have 'been described,

Th® fractionation conditions necessary to achieve effective

separation and. minimise degraoation of the components of starch have

been examined in detail. Results indicate that boiling for 1 hour

unoer nitrogen, followed by precipitation of aiaylose with thymol,

was most satisfactory. Laboratory and commercial starch samples

have been compared, The amylase from commercial starch was much

smaller (FIT, ** 2500 glucose units) than that from the laboratory

prepared sample (TTF, >v 4000). "Subtractions" obtained during the

recrystallization of the fractionated products of the laboratory

prepared starch have also been studied, but no third component has

been detected.

The effect of aqueous leaching at various temperatures on

potato starch granules has been investigated. The efficiency of

this procedure for fractionating starch was followed by measuring

the purity and molecular weight of the resultant components. Water

loaches preferentially short chain linear material, and its action is

both inefficient and incomplete compared with method® involving

complete granular disruption ana formation of the amylose-thymol

complex. The uniformity of structure of amyiose, and. the effect of

leeching on granular structure are discussed.

The degradative effect of 0.2M hydrochloric acid at 45°C on

granular structure and the molecular size of the components of two
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varieties of potato starch has been examined. The fractionated

components were characterized by iodine binding power, osmotic pressure,

viscosity and sedimentation. The mode of acid attack was similar for

both samples. Under the conditions used the granular structure was

apparently unchanged, but both the aayiose and amylopectin components

were degraded. The rates of uegradation indicated that the amylopectin

underwent preferential hyurolysis, The implications of these results

with regard to granular structure are discussed.

An examination of the solution properties of amylose in potassium

hydroxide and amylase triacetate in chloroform has been made. The

unsubstituted aayiose was found to be a rigid molecule which did not

obey Gaussian statistics, and was most closely represented by a

Hfree-draining coil" model. The triacetate was found to assume a

more coiled configuration and was probably nearer a "matted coil"

structure than the free component. In both cases the length of

the molecule increased with decrease in molecular weight. For the

free component the relationship

The non-Ifewtonian behaviour of amylose has also been investigated.

The mechanism of hydrolysis of various aayiose samples by

(a) pure ^ -amylase and (b) ^ -amylase and Z-enzyme has been studied
by measuring the \ ,!p, of the residual polymer at varying degrees of

conversion imo maltose. The molecular properties of various 50$

conversion and 71f limit dextrine were examined in detail. Results

indicate a "single chain" mechanism to be operative.

was obtained, and for the triacetate

jj^] - 40 M0*76
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The Sedimentation Behavior of the Components of
Potato Starch in Dilute Alkali*

Very few sedimentation measurements have been carried out on ade¬
quately purified and characterized starch components, notwithstanding the
valuable information that this method can give regarding molecular
weight and its distribution.1 Studies on the unsubstituted components in
aqueous solution are complicated by the tendency for both the linear
amylose- and the branched amylopectin-components to aggregate. Pre¬
vious experiments2 have been carried out on derivatives dissolved in organic
solvents, but we have found that sedimentation measurements may con¬

veniently be made on the components dissolved in dilute alkali. Such
solutions are stable for the length of time required for measurement, and
the results are reproducible. This method therefore avoids complications
due to degradative effects during the formation of derivatives.1

Samples of amylose and amylopectin isolated from potato starch have
been investigated. Fractionation was carried out under conditions involv¬
ing an oxygen-free atmosphere.3 The amylose was precipitated first as the
thymol complex, and then purified by repeated crystallization using butanol.
The resultant complex was dehydrated with butanol and dried.3 Amylopec¬
tin was obtained by freeze-drying directly the supernatant from the thy-
mol-amylose complex. The two components were characterized by poten-
tiometric measurements of iodine binding power under standard condi¬
tions.4 The amylose bound 19.5% of iodine, and the amylopectin 0.9%
(corresponding to less than 0.5% of linear material). Both components
were dissolved directly before use in 0.2 M potassium hydroxide on shaking
at room temperature.

Sedimentation rates were determined using a Spinco ultracentrifuge and a
cell incorporating a Kel-F centerpiece. Preliminary experiments showed
the optimum speed for solutions of amylose of concentrations greater than
about 0.1 g./lOO ml. was 60,000 r.p.m., while for more dilute solutions, 30,-
000 r.p.m. was more suitable. Amylopectin solutions were spun at either
30,000 or 15,000 r.p.m., depending on the concentration. Careful observa¬
tion of the Schlieren patterns during the acceleration period showed that
there was no rapidly sedimenting material. Analysis of the Schlieren
diagrams showed that over 90% of each polysaccharide was present in solu¬
tion. The results for typical runs are shown in Figures 1 and 2, where an

acid-degraded amylose and amylopectin5 and a glycogen6 are also included
for comparison.

Both components show a concentration dependence of the sedimentation
constant; in the case of the undegraded amylopectin it is extremely large.
This result is consistent with the concept of a linear amylose molecule, but
it is unexpected for the branched component which is usually thought to
be more spherical.1 These results may indicate, however, that amylopec¬
tin is an elongated molecule. With increase in concentration, the outer

* This is Part IV in the series "Physicochemical Studies on Starches."
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Fig. 1. The variation of sedimentation constant (S) with concentration (C) for the
starch components in 0.2M-KOH. (a) Amylose (curve 1) and acid-degraded amylose
(curve 2). (6) Amylopectin (curve 1) and acid-degraded amjdopectin (curve 2). Curve
3 is yeast glycogen.

(a) (a) (o) (b) (b)

(c) U)

Fig. 2. Typical sedimentation diagrams for: (a) amylopectin: C = 0.79 g./dl.;
speed = 30,000 r.p.m.; 5, 12, and 19 min., respectively, after reaching full speed; angle
of Schlieren bar = 80°. (6) Amylopectin: C = 0.18 g./dl.; speed = 15,000 r.p.m.;
10, 12, and 14 min., respectively; angle of Schlieren bar = 40°. (c) Amylose: C =
0.30 g./dl.; speed = 00,000 r.p.m.; 10, 18, and 25 min., respectively; angle of Schlieren
bar = 70°. (d) Amylose: C = 0.08 g./dl.; speed = 60,000 r.p.m.; 3, 7, and 12 min.,
respectively; angle of Schlieren bar = 45°.

chains of the highly branched amylopectin might well entangle, and strong
secondary valency forces must occur even in the alkaline media. It is of
interest that the sedimentation constant for glycogen is relatively independ¬
ent of the concentration. This is further evidence of a fundamental differ¬
ence in structure between the two branched glucans.1

For the starch components, free sedimentation only occurs at low concen¬
trations (<0.2 g./lOO ml. for amylose, and <0.4 g./lOO ml. for amylopec¬
tin), and it is therefore necessary to carry out experiments at extremely
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low dilutions. Unfortunately, lower limits of 0.02 g./lOO ml. and 0.1
g./lOO ml. for amylose and amylopectin, respectively, were fixed in these
experiments by the sensitivity of the optical system. It is suggested that
lower dilutions may be examined by the use of an alkali-resistant synthetic
boundary cell. This is being investigated.

These experiments are being extended to include measurements of the
appropriate diffusion constants so that estimates of molecular weight and
shape can be obtained. Preliminary results indicate a value of the order of
5,000 for the DP of the amylose obtained by the above fractionation
method.

The authors wish to thank the Rockefeller Foundation for financial assistance.
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The Dose Rate Dependence of Kel-F
Degradation by Ionising Radiation*

In this study films of Kel-F 300 (polymonochlorotrifluoroethylene) were

subjected to beta irradiation from strontium-90 sources of various intensities
and the time for dielectric breakdown to occur was noted. The experi¬
mental arrangement is shown diagrammatically in Figure 1, and was used
basically to measure the conductivities of three-mil thick Kel-F films while
they were being irradiated in air.

Dielectric breakdown occurred when the films degraded physically into
yellow powder. Table I shows the time TD in days for degradation and
short circuiting to occur as a function of beta source current density IB
in micromicroamp/cm.2

* Based on a paper presented at the Winter General Meeting of the American Institute
of Electrical Engineers, New York, N. Y., January 23, 1957.
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516. Physicochemical Studies on Starches. Part V* The
Effect of Acid on Potato Starch Granules.

By J. M. G. Cowie and C. T. Greenwood.
The degradative effect of 0-2M-hydrochloric acid at 45° on the granular

structure and molecular size of the components of two varieties of potato
starch has been examined. The fractionated starch components were
characterised by iodine-binding power, osmotic pressure, viscosity, and
sedimentation. The mode of acid attack was similar for both samples.
Under the conditions used, the granular structure was apparently unchanged,
but both the amylose and the amylopectin component were degraded.
The rates of degradation indicated that the amylopectin underwent preferen¬
tial hydrolysis. The implications of these results with regard to granular
structure are discussed.

Notwithstanding the large amount of work carried out on starch, little is yet known of
the fine structure of the granule and the manner in which amylose and amylopectin are
incorporated into it. It has been suggested that amylose is found in the granule preferen¬
tially at the centre, but it has also been maintained that it is evenly distributed through¬
out.1 One approach to this problem is to study the effect of acid-treatment on the granule
by estimating, after fractionation, the molecular size of the components. If the granule
has an outer layer of amylopectin, the latter should be preferentially hydrolysed, whereas
if there is uniform distribution both components should be degraded. In studies of the
granular structure of potato starch, we have therefore examined such effects. Previous
investigations along these lines have had contradictory results : Meyer and Menzi2
reported that acid-treatment of potato and maize starch gives simultaneous degradation
of both components, whilst Kerr3 reported preferential degradation of amylopectin in
maize starch. However, Meyer and Menzi 2 measured molecular weights by the dinitro-
salicylic acid method, which has been shown to be unreliable for absolute molecular
weights,1 and Kerr 3 evaluated his osmotic data for amylopectin solutions by a method
which has not yet been substantiated.1 The studies reported here were undertaken in an
effort to clarify the position, as all physical properties of the granule depend ultimately
on granular structure and any method of tackling the latter problem is thus important.

Experimental Methods

Isolation and Purification of Potato Starch.—Potatoes (var. Redskin and Arran Banner
severally) were thickly peeled, sliced, and then minced into ethanol to inhibit enzymic activity.
After extraction with ethanol for 2 min. in an " Atomix " blendor, the pulp was filtered through
muslin, and the filtrate immediately centrifuged. The supernatant liquid was discarded, and
the starch washed by repeated sedimentation in ojm-sodium chloride. The residual pulp
was then re-extracted 3—4 times with saline in the blendor. (Although extraction was
obviously incomplete, the residual pulp was then discarded.) Starch rapidly sedimented
from the filtrates. The starch-products were combined, suspended in o-lm-sodium chloride,
and shaken with toluene (vol.) overnight to denature protein.4 After the granules had been
allowed to sediment, the coagulated protein-toluene layer was discarded, and the extraction
repeated four times to yield pure starch, which was stored in ojm-sodium chloride under toluene

* Part IV, J. Polymer Sci., 1957, in the press.



at 0° (Arran Banner) or washed free from salt and stored under methanol at 0° (Redskin) (Found,
for both samples : N, 0-02%).

Characterisation of Starch Products.—The efficiency of fractionation and the overall effect
of acid-treatment on the granules was followed by measuring the amount of iodine bound by
the various starch products. In view of the insensitivity of optical-absorption methods, the
binding power was measured in the semimicro differential-titration apparatus previously
described.5 Titration conditions were: [iodide], 0-01m; pH, 5-85; temp., 20°.

The total free iodine in the starch solution was plotted against the mg. of iodine bound per
100 mg. of starch, and estimations of iodine affinity (the preferential uptake of iodine by the
linear amylose component) were made by extrapolating the linear portion of the titration
cryes to zero free-iodine concentration. Calculations of the approximate percentage of
amylose were made from the observed iodine affinity on the assumption that pure potato
amylose bound 19-5% of iodine under these conditions.

Treatment of Granules with Acid.—Potato starch (10 g.; var. Redskin, washed fre_e from
salt) was stirred slowly (20 revs./min.) in 0-2M-hydrochloric acid (500 ml.) at 45° under oxygen-
free nitrogen. Portions (125 ml.) were removed after 1, 2, 3, and 4 hr. severally (Expt. 1).
The starch was immediately washed 8—12 times with distilled water in the centrifuge until
free from acid and then shaken with methanol for 24 hr. The samples were stored under
methanol.

The above was repeated (Expt. II), except that starch samples (var. Ax-ran Banner) were
removed at intervals of •£, 1, 2, 3, 4, and 24 hr.

Estimation of Amount of Granule Solubilised by Acid.—A 2% suspension of starch in 0-2m-
hydrochloric acid was kept at 45° for 1 hr. under nitrogen. A portion of the suspension was
removed, centrifuged, and reduced in volume, and the amount of glucose obtained on hydi"olysis
by 3N-sulphuric acid for 2 hr. at 100° was estimated by the alkaline ferricyanide-ceric sulphate
method of Lampitt, Fuller, and Coton.6 The starch was re-treated with acid for 3 hr., and the
additional glucose found in the supernatant liquors estimated. The residual starch granules
were weighed.

To investigate whether oligosaccharides were present inside the granule after acid-treatment,
starch (2 g.; treated with 0-2M-hydrochloric acid for 4 hr.) was gelatinised at 70° in water
(400 ml.) for 1 hr. under nitrogen, and amylose precipitated with butan-l-ol. The supernatant
liquors were then reduced to dryness, extracted with 50% methanol, and examined chromato-
graphically (solvent : butan-l-ol-benzene-pyridine-water : 5:1:3:3; top layer; develop¬
ment time, 72 hr. at 18°).

Fractionation of Acid-treated Starches.—A slurry of starch in methanol was carefully added
to vigorously stirred boiling water (500 ml.) under nitrogen, and boiling continued for 1 \ hr.
(Expt. I). (In Expt. II, the boiling was continued for 1 hr.) The solution was then allowed
to cool to 60°, powdered thymol (0-5 g.) added, and the mixture set aside at room temperature
(18°) for 3 days before the amylose-thymol complex was removed on the Sharpies super-
centrifuge. The amyloses were then purified by recrystallisation twice (Expt. I) from hot
butan-l-ol saturated water, and were stored as the butan-l-ol complexes. Only one recrystal¬
lisation was carried out in Expt. II. Solid amyloses were isolated by stirring the butanol
complex several times with butan-l-ol and then drying it in vacuo at 75°.

The amylopectin-containing supernatant liquors from the thymol-precipitates were freeze-
dried directly, refluxed with methanol to remove thymol (3 times; 1J hr. each), redispersed in
water, and freeze-dried. In Expt. II, the supernatant liquors were extracted twice with ether
before freeze-drying. This procedure yielded more soluble products.

Fractionation of Original Starch.—A 0-5% solution of starch was dispersed as above (1| hr.
for Expt. I and 1 hr. for Expt. II). After formation of the thymol complex, the amylose was
reprecipitated three times with butan-l-ol and stored as this complex. Amylopectin was
obtained as above.

Acetylation of Amyloses.—A poi'tion of the butanol complexes of each of the amyloses from
Expt. I was acetylated under conditions of minimum degradation 4 with pyridine and acetic
anhydride at room temperature.

Estimation of Length of Unit Chain for Amylopectins.—The amylopectins from Expt. II were
oxidised with sodium metaperiodate at 2° by Potter and Hassid's method 7 with the modific¬
ation 8 that the liberated formic acid was estimated by titration to pH 6-25. The yield of
formic acid was constant after 25 hr.

Measurements of Limiting Viscosity Number.—The specific viscosity (7]sr.) of the poly-



saccharide solutions was determined at several concentrations at 22-5°, and the limiting vis¬
cosity number [yj] determined graphically from the relation [i)] = c^f^sp./c). Concentrations
were expressed 9 as g. /ml. Measurements were made on both of the unsubstituted components
in M-potassium hydroxide, and on the acetylated amyloses in chloroform solution. Techniques
were as previously described.4

Solution and concentration estimation was as follows :

(a) For amyloses. A portion of well-centrifuged butanol complex was dissolved directly
in m-potassium hydroxide. Concentrations were then determined by hydrolysing a portion
of the diluted resultant solution, and determining the reducing power as above.6 The method
was calibrated by standard solutions of glucose. Preliminary experiments indicated a recovery
of 98—102% of glucose for hydrolysed " AnalaR " soluble starch. {Control experiments showed
that the limiting viscosity number for a given sample was the same within experimental error
whether solution had been achieved via the butanol complex or directly from the dried solid.
However, the value of Huggins's constant (k') in the relation

viSp./c = M + k'\y\fc
varied.}

(b) For amylopectins. Solutions were prepared by weight.
(c) For amylose acetates. Concentrations were determined after measurements as before.4
Measurements of Osmotic Pressure (with W. N. Broatch).—Osmotic pressures (n) of the

amylose acetates in chloroform solution were determined at 22-5° in the instrument previously
described.10 The membrane used was of No. 600 gel-Cellophane, which had been dehydrated
by acetone and then conditioned to solvent. The cell constant, for a 0-04 cm. diameter
capillary,11 was independent of the meniscus level, and was reproducible within the setting
of the cathetometer (±0-001 cm.). Any deviation from the cell constant which developed
after use was thought to be due to contamination of the solution capillaries by evaporated
polymer films (particularly with solutions of high viscosity) although evaporation in this instru¬
ment is reduced. The resultant polymer film is insoluble even after repeated washings of the
solution chamber with solvent. Variations in cell constant were not therefore due to (a)
solute adsorption on the membrane or (6) membrane dissymmetry effects. These " effects "
observed previously 12 might be similarly explained. Although such variations of cell constant
were avoided by working at a different level in the solution capillary, it was considered more
satisfactory to dismantle and clean the apparatus.

Concentrations were estimated in duplicate after determination. The procedure adopted
was to fill the osmometer with the most concentrated solution, determine the osmotic pressure,
remove two volumes (by weight) for estimation of concentration, and add an equivalent volume
of solvent. The solution was then carefully mixed, and the osmotic pressure of the diluted
solution determined. Pressures were measured statically after an initial setting to 1-0 cm. below
the expected value. There was no evidence of solute permeation of the membrane. In each
experiment, the value of the intercept (n/c)0 was obtained from the linear graph of rr/c versus c,
where tt was expressed as dynes g."1 cm., and c as g. cm.-3. Number average molecular weights
(Mn) were then calculated from van't Hoff's equation Mn = RT(c/n)0.

Sedimentation Measurements.—Determinations were made with an electrically driven
Spinco ultracentrifuge on both components dissolved in 0-2M-potassium hydroxide. Detailed
results will be presented elsewhere.

Results

Examination of Acid-treated Whole Starches.—Microscopic examination showed that the
granules which had been treated with acid for 4 hr. appeared unchanged and were still bire-
fringent. However, the granules dispersed more readily to form a less viscous paste. The
granules which had been subjected to 24 hr. treatment behaved similarly, although some split
granules were visible.

Estimations of the amount of glucose in the acid supernatant liquors showed that after 1 hr.
0-2% and, after a further 3 hr., 0-8% of the granule was solubilised. Hence only about 1% of
the total weight of the granules was solubilised as glucosans or reducing sugars in the 4 hr.
treatment. Chromatographic examination of the gelatinised granules indicated that at the
most only traces of oligosaccharides (probably tri- or tetra-glucosans) could have been present
after acid-treatment.

An estimate of the apparent reducing power was obtained by titrating the starches directly



with the alkaline ferricyanide reagent. The results indicated that the reducing power increased
regularly with time of acid-treatment as shown :

Time of acid-treatment (hr.) 0 I 2 3 4
No. ml. of M/I00-ceric sulphate required/1 g. of starch { }" q2 [J'jq 18-40

An experiment in the presence of oxygen indicated an apparent greater increase in reducing
power.

Potentiometric iodine-titration curves showed changes in iodine affinity of the samples :
there was an apparent increase up to about 1 hr. followed by a decrease thereafter (Fig. la shows
typical titration curves). In addition, the slope of the linear portion of the curve increased with
Fig. 1. (a) Typical iodine-titration curves for

acid-treated starches. The original potato
starch is shown as the dotted curve. The
numbers on each curve are the times of acid-
treatment of the starch {in hr.). (b) Typical
iodine-titration curves for acid-treated amylo-
pectins. Potato amylopectin {containing 0-5%
of amylose) is shown as the broken curve.
Curves I and 2 are for amylopectins isolated Fig. 2. Graph of n/c versus c for the acetylated
after 3 and 4 hours' treatment, respectively. starch components in chloroform solution.

The numbers on the curves represent the hours
of acid-treatment.

la)

2 4 6

!0°c{g. cm. J)

5 10

Total fres iodine

time of acid-treatment, as did the activity of free iodine necessary to saturate the linear amylose
component.

Time of acid-treatment (lir.)
\ Iodine affinityRedskin starch ) Amylose (%)

Arran Banner starch } ^£^(%)y
Properties of the Fractionated Components.—Potentiometric titration showed a normal curve

(cf. ref. 4) for the amylose components, whilst the amylopectin curves were abnormal (Fig. 16)
and did not show the linear increase in bound iodine previously observed.5 Fig. 2 shows the
results of osmotic-pressure determination for the acetates from Expt. I. The properties of
the separated fractions from both experiments are shown in Tables 1 and 2.

The results of physical measurements carried out on solutions of both components in alkali
were reproducible, and the solutions were stable for the time required for measurement. The
sedimentation measurements confirmed that depolymerisation effects, particularly in the case
of the amylopectin components, were real.

Rates of Degradation.—Degradation of the components was expressed as (1) the number
of bonds broken per initial polysaccharide molecule, and (2) the variation of 1/[•*)], both as a
function of time. The use of the latter function instead of [vj] directly is justified as follows :

Nwf M. \
The number of bonds broken per w g. polysaccharide, (q) = ~ 1 1 where M0, Mt

0 1§ 1 2 3 4

4-03 .—. 4-25 — 3-89 3-10
20-70 — 21-80 •— 20-00 15-90

4-03 4-51 4-30 4-11 3-60 3-07
20-70 23-10 22-00 21-10 18-50 15-80



are the number-average molecular weights at times 0 and t, respectively and N is Avogadro's
number. This can be rewritten as

q = Nw(l/M, - l/M0)

or q oc oc — since in this instance M = 7Tfv]l.M [■*)]
Hence the rate of change of [yj] with time is not a direct measure of degradation, in agreement
with McBurney.14

Table ]. Properties of the amylose components.
Redskin amylose

Acid-treatment, Iodine [ij] in Calc. M of M. wt. Obs.

(hr.) affinity m-KOII DTL« acetate 4 from 7r D.P." 1013.S„ «
0 19-5 470 3480 — — ■ — 12-0
1 _ 220 1630 370 470,000 1630 9-9
2 20-3 190 1370 335 400,000 1390 8-3
3 .— 140 1040 305 302,000 1050 7-3
4 20-7 130 925 270 286,000 990 6-2

Arran Banner amylose
Acid- Acid-

Calc.treatment Iodine M in Calc. treatment Iodine [i;] in
(hr.) affinity m-KOII D.P." 1013S" (hr.) affinity m-KOH d7p> 1013S«
0 19-5 520 3850 13-0 3 177 1310 —

i — 280 2070 — 4 — 152 1130 4-8
1 19-3 225 1670 7-1 24 73 540 2-9
2 19-8 201 1490 5-8

" Calc.13 from D.P. = 7-4[r/]. 4 Measured in CHCL, solution. ' Calc. from previous column.
d Sedimentation constant in c.g.s. units at infinite dilution obtained by graphical extrapolation from
5 = f(c). " Sedimentation constant in c.g.s. units at c = 0-075 g./lOO ml.

Table 2. The properties of the amylopectin components.
Redskin amylopectin.

-treatment [■tj] in M of M. wt. Obs. /3-Amylolysis
(hr.) m-KOH acetate " fl'Om 7T D.P.4 limite 1013S,

0 182 — — — 56-5 175
1 123 220 — — 57-4 60
2 118 205 — — 58-2 52
3 113 220 1-1 x 106 3800 58-1 43
4 105 200 1-0 x 10° 3500 57-5 35

Arran Banner amylopectin.
Acid- Acid

treatment [ij] in Av. length of treatment M in Av. length of
(hr.) m-KOH unit chain 1013S„ d (hr.) m-KOH unit chain 1013S0'i
0 182 25 175 3 108 24 42

i 112 24 63 4 106 24 34
1 122 26 58 24 48 22 14
2 110 25 49

" Measured in CHC13 solution. b Calc. from previous column. b Results obtained through the
courtesy of Mr. I. D. Fleming and Dr. D. j. Manners. d Sedimentation constant in c.g.s. units at
infinite dilution obtained by graphical extrapolation from S = i(c).

The graphs of (bonds broken) versus t, and of versus t for the two series of amyloses are
shown in Fig. 3. It is of interest that in neither instance do the linear portions of the curves
extrapolate to the origin. In Fig. 3a, the linear portions of the curves correspond to rates of
0-5 and 0-4 (expressed as the number of bonds broken per initial amylose molecule per hr.) for
the Redskin and Arran Banner amyloses, respectively. A linear relation (curve 3, Fig. 3a) was
also found for (S0/St — 1) versus t, where S0, St are the sedimentation constants at times 0
and t respectively. The rate of degradation from this curve (0-2) was less than the absolute
rate because the diffusion constant for the linear amylose molecule must change considerably
with decrease in D.P., and hence changes in S were not directly proportional to changes in D.P.

For amylopectins, the degradation could not be calculated unambiguously in view of the



difficulty in obtaining absolute values for the molecular weight. However, again it was found
that the graph of (S0/5( — 1) versus t was linear, and on the assumption that for this component
the diffusion constant was unlikely to vary considerably, the linear portion of this curve
corresponded to a rate of 0-7 (units as above). This is likely to be a minimum rate as any
disproportionate increase in the diffusion constant with time of degradation will increase the
slope. Again the extrapolated linear portion of this curve did not pass through the origin.

Fig. 3.

Time (hrfj
(a) Graph showing the number of bonds broken per initial polysaccharide molecule as a function of time.

(1) Redskin amylose. (2) Arran Banner amylose. (3) (S0/S — 1) for Redskin amylase.
(4) (S0/S — 1) for Redskin (O) and Arran Banner (®) amylopectins, respectively.

(b) Graph of 1 /[ij] versus t for the amylose components.
(1) Redskin amylose. (2) Arran Banner amylose.

Discussion

Experimental conditions were chosen such that our results are strictly comparable
with those of both Meyer and Menzi 2 and of Kerr.3 However, these authors presented
insufficient data to permit comparison of actual rates of degradation of the two components.
(Kerr's data unfortunately could not be replotted since " fluidities " were reported rather
than times of acid-treatment.) At best, only general comparisons are possible.

The starches from the two varieties of potato (Redskin and Arran Banner) gave similar
results, and hence can be considered to behave identically.

General Properties of Acid-modified Granules.—The action of acid does not alter the
birefringent properties of the granule. There was no evidence of swelling in the acid
media. It therefore appears that acid-treatment has preferentially affected the amor¬
phous rather than the crystalline region of the granule. Sjostrom 15 and Meyer and Bern-
feld 16 observed similar effects, and Alsberg 17 also reported the treatment with hydrochloric
acid (7-5%) destroyed the ability of the granule to swell and suggested that the portion
responsible for swelling had been modified.

It was thought that estimation of the amount of reducing sugar produced in the acid
supernatant liquor was the only suitable method for determining any loss in weight of the
granule on acid-treatment. Only 1% was found after 4 hr. The possibility that oligo¬
saccharides might have been produced and that these were unable to diffuse out readily
from the persistent granular structure and so account for (1) the abnormal iodine titration
curves for the whole starches and the amylopectins, and (2) the (3-amylolysis results
(particularly as the amylopectins were freeze-dried directly) was shown to be incorrect.

Potentiometric titrations indicated changes in the apparent percentage of linear
material in the granule. These results can be explained by assuming that the material
dissolving in the first hour is primarily amylopectin (the 0-2% of granular weight lost



accounting for a rise of 0-3—0-5% in the effective amylose-content), whilst that dissolving
later is primarily amylose (the further 0-8% of granular weight lost being equivalent to about
4% of total amylose content).

Although Meyer and Menzi 2 reported no change in iodine-binding power of their acid-
treated starches, it is of interest that the acid-modified maize starches studied by Schoch
and his colleagues 18 also possessed iodine affinities very much lower than the original.
The iodine affinity of starch can only be unaffected if the degradation products are
solubilised completely (and there is no evidence for this), or acid-modified components
have unaltered iodine-binding characteristics. However, although the fractionated
amyloses possessed the usual iodine binding characteristics, all the amylopcctin fractions
bound more iodine than normal. The relative constancy of length of unit chain and
p-amylolysis limits suggests that purely random hydrolytic action must have occurred,
and no explanation can be advanced for this behaviour. The increased slope of the
linear portion of the titration curves for the whole starches is probably accounted for on
this basis.

The method of isolation of the amylose involved reprecipitations as the butan-l-ol
complex which might involve the loss of some short chains. This was decreased in the
case of Arran Banner samples by carrying out only one recrystallisation, although in
neither experiment was there any apparent loss in amylose at this stage.

Degradation of the Components in the Granule.—The curves of rates of degradation
(Fig. 3a) show that amylopectin is degraded considerably faster than amylose. Since the
former must be a minimum rate, and also since the a-1 : 6-bonds (present to the extent
of about 1 in 20) are reported 1 to be stronger than a-1 : 4-bonds, amylopectin must be
preferentially degraded and is therefore far more accessible to attack than the amylose.
The curves for both components do not extrapolate to zero time, which indicates (by-
comparison with cellulose chemistry) that acid-modification of the granule takes place in
two stages, a rapid attack on amorphous regions, followed by a slower attack on more
crystalline areas. This occurs for both components, but the results indicate a larger
preferential scission of amylopectin rather than of amylose initially. (Although this two-
stage process might well indicate the preferential scission of anomalous linkages, it is
thought that in experiments involving whole starch granules such interpretations have to
be made with caution.)

The results show that, even after 24 hr., degradation of amylose in the granule
is relatively limited (to about 6 bonds per initial molecule). This contrasts markedly
with the behaviour of the isolated amylose under similar conditions (preliminary unpub¬
lished experiments having indicated that such degradation is much more rapid), and suggests
in contradiction to Lathe and Ruthven's conclusions 19 that penetration into the inner
region of the unswollen granule is time-dependent and not instantaneous. Any initial
attack will therefore occur preferentially in the surface layer of the granule before hydrogen
ions diffuse into the inner regions.

The different rate curves for the two amylose fractions could be due to the prior storage
of Redskin starch in methanol with subsequent dehydration and " splitting " of the
granular structure permitting more ready access of reagent. This effect is not thought
to be significant in these experiments.

Our degradation results appear to support Kerr's conclusions 3 that amylopectin is
preferentially degraded. Ulmann 20 has reached a similar conclusion from chromato¬
graphic evidence. In view of the relatively small changes in the number of bonds broken,
the changes in reducing power observed by Meyer and Menzi 2 can probably be explained
by the " peeling action " 21 of their reagent.

Granular Structure.—Little is yet definitely known,1 although crystallinity is evident
in all starch granules (including those of the waxy variety). The formation of " crystal¬
lites " by the alignment of the long unbranched amylose molecules is very likely, but in
potato starch granules amylose accounts for only 20% of the structure. The question



of the compacting of the remaining 80% is far more difficult, even to account for the
reported total 50—60% crystallhiity of the granule.22 In particular, it is difficult to see
how amylopectin molecules can pack themselves to any degree of crystallinity if they have
the three-dimensional structure envisaged by Meyer. As suggested by Greenwood,1 a
two-dimensional structure might be more likely. Much depends on the actual shape of
the amylopectin molecule, and experiments are in progress to determine this.

Unless amylose exists preferentially at the surface (no evidence exists for this), the
surface layer of the granule must be predominantly amylopectin by virtue of its amount.
(Evidence for the existence of a true amylopectin outer layer is contradictory, but un¬
published experiments have indicated that such a layer may exist.) The amylopectin
is most likely to form the amorphous regions of the granule, although, as Meyer has
suggested, the outer branches of several amylopectin molecules might well align them¬
selves to form a small crystallite. In addition, the outer branches might well link up
with amylose in the crystalline regions, and amylose (particularly the short-chain material)
might well form part of the amorphous region. Swelling of the granule would be associated
with the amorphous branched component.

This concept of granular structure is consistent with the effects observed on acid-
treatment. The primary attack of acid on the potato granule is on the surface membrane,
because of the very limited swelling at the temperature of the experiment. The more
freely accessible outer chains of the surface amylopectin molecules might well be degraded
sufficiently to dissolve completely. This occurs mainly in the first hour, and is accom¬
panied by a simultaneous attack on amylose and amylopectin in the amorphous regions.
Degradation of the components arises by diffusion of the acid into the granule in the
absence of swelling, and degradation takes place throughout the granule, but at a decreased
rate in the crystalline regions. The hydrogen bonding responsible for the crystalline
structure must be relatively strong by virtue of the limited hydrolytic effects observed
even after 24 hours' treatment.

In view of the complex, but ordered, nature of the structure of the granule, it is not
surprising that the mode of action of the acid is complex. Further methods of studying
granular structure are being examined.
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559. Physicochemical Studies on Starches. Part VI.* Aqueous
Leaching and the Fractionation of Potato Starch.

By J. M. G. Cowie and C. T. Greenwood.
A critical study has been made of the effect of aqueous leaching at various

temperatures on potato starch granules. The efficiency of this procedure for
fractionating starch has been followed by measuring the purity and molecular
weight of the resultant components. Water leaches preferentially short-
chain linear material, and its action is both inefficient and incomplete com¬
pared with the conventional methods involving complete disruption of the
granular structure and formation of the amylose-thymol complex. The
effect of aqueous leaching on granular structure is discussed. Potato amylose
has a number-average degree of polymerization (D.P.) of about 4000 glucose
units. The relations, D.P. = 7-4[tj] for potato amylose fractions in M-

potassium hydroxide, and [tj] = 4-30(D.P.)°'61 for the acetates in chloro¬
form, are suggested.

Although the two components of starcli can be relatively easily separated, little is known
of how they are incorporated into the granule and how the physical nature of the granule
governs the efficiency and ease of fractionation. Methods of fractionation have been
recently reviewed; 1 the most satisfactory ones so far involve complete dissolution of
the granule followed by the addition of a polar organic molecule to form an insoluble
amylose complex. These procedures cannot give much information regarding granular
structure, but some can be obtained by aqueous leaching. This method has often been
used 2~4 to fractionate starch, although reports of its efficiency are at variance and there
are insufficient accurate data regarding the purity of the fractionation products and their
molecular weights. In continuance of studies of potato starch—its structure, methods of
fractionation, and measurements of the size and shape of its components—we now report
the results of a series of aqueous leaching experiments and estimations of the purity and
molecular weight of the resultant fractions. Various features regarding the effect of
leaching on granular structure are discussed, and its efficiency for fractionation is compared
with other methods.

Experimental Methods

Preparation of Starches.—Starches were prepared from several varieties of potato by the
method previously described.5

Fractionation Procedures.—(a) Leaching at 98°. Starch suspension (0-5% in 0-1% sodium
chloride) was deaerated at room temperature (stream of oxygen-free nitrogen for 15 min.).
The suspension was then placed on a vigorously boiling water-bath and stirred for 5—7 min.
under nitrogen. The resultant gelatinized mixture was then cooled and centrifuged at 20,000 g.
(preparative rotor of Spinco ultracentrifuge) for 10 min. Supernatant liquors were then
removed, saturated with butan-l-ol, and kept at room temperature overnight. The sedimented
granules were washed with distilled water (6 times), redispersed in saline, and heated for a
further 5—7 min. The solid obtained after centrifugation was washed free from salt and
freeze-dried directly, to give the " amylopectin " fraction. (Further experiments indicated
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that the gelatinized granules would not readily sediment in the absence of salt in the above
force-field.)

(b) Complete dispersion of granular structure. Starch granules (0-5% in water) were stirred
vigorously at 100° for -J-—2 hr. under nitrogen. After cooling to 60°, thymol (1 g./l.) was added,
and the mixture set aside for 3 days at room temperature. The amylose-thymol complex was
then removed on the Sharpies supercentrifuge and recrystallizcd three times from hot saturated
butan-l-ol solution. The amylopectin-containing supernatant liquor (from the thymol
complex) was freeze-dried, refluxed with methanol (3 times), dissolved in water, and freeze-
dried again. (Later experiments showed that a more soluble product was obtained if treat¬
ment with methanol was avoided.5).

(c) Combination of aqueous leaching at 70° and dispersion at 100°. Starch suspension (0-5%
in water) was stirred at 70° for 1 hr. under nitrogen. (Gelatinizatiou occurred within 10 min.)
The mixture was allowed to cool and centrifuged. After decantation of the supernatant liquor
and filtration through a sintered-glass filter (G3), excess of butan-l-ol was added. Immediate
amylose-complex formation was observed, but the mixture was kept for 24 hr. at room temper¬
ature for complete precipitation. The sediment of gelatinized granule residues was redispersed
in water and boiled for 1 { hr. under nitrogen before fractionation as above.

Characterization of Fractionation Products.—(a) Amylopectin. The amount of amylose
contaminating the branched component was estimated by potentiometric determinations of the
amount of iodine bound.6 The linear portion of the iodine sorption curve was extrapolated to
zero free-iodine concentration; the ratio of the value of the intercept to that for pure potato
amylose (19-5%) gave the amount of linear material present.

(b) Amylose. Purity was determined by titration as above. Molecular-weight determin¬
ations were made by measurements of (i) limiting viscosity number of the free component in
M-potassium hydroxide at 22-5°, (ii) rates of sedimentation in 0-2M-potassium hydroxide, and
(iii) osmotic pressure of the acetate in chloroform solution (at 22-5°). (For details of methods
and procedures see ref. 5. The osmotic-pressure measurements were carried out in collabor¬
ation with Dr. W. N. Broatch.) Fig. 1 shows the experimental osmotic-pressure results.

The effect of aqueous leaching and fractionation was found to be identical for the two
varieties of potato starch investigated, Redskin and Arran Banner.

Aqueous Leaching at 98°.—The results of typical experiments are shown in Table 1. Small-
scale experiments indicated that successive leaching for two periods of about 7 min. yielded the
purest amylopectin. The amyloses produced vary from 80% to 90% purity from the first
leaching, but, on re-extraction, their purity drops to 60%.

Microscopic observation showed that at the end of 5 min. the granules were all swollen but
mainly intact. The residual " sacs " stained mauve with iodine and blue-staining amylose had
diffused into the supernatant liquors. Some granules still had accumulations of amylose
towards one end, whilst others appeared to have been completely ruptured and to be devoid of
any blue-staining material.

Whilst small-scale experiments proved relatively easy, leaching on a large scale (3 1.) was
not successful. The fluid-like consistency of the gelatinized granules made their removal on
the Sharpies supercentrifuge extremely difficult and, further, on re-extraction, a higher
proportion of amylopectin went into solution to yield a cruder amylose.

Fig. 1. Graph of ir/c versus c for the
acetylated amyloses in chloroform solution.

(1) Amylose leached at 70°. (2) Amylose
dispersed for 1 hr. at 98°. (3) Amylose
dispersed for 2 hr. at 98°. (4) Amylose
dispersed at 98° after leaching at 70°.
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Table 1. Properties of the products obtained by leaching at 98°.
Amylopectin Amylose

Leaching time Purity Amylose Initial [i;] in mr
Expt." (min.) (%) t impurity (%) f purity (%) m-KOH b calc.c
1—5 S 2 x 5—2 x 10 96—98 10—20 80—90 — —

6 S 7 95 25 90 — —

7 S 5 93 35 90 340 * 2520
8 S 2x5 96 20 90 365 ** 2700
1 L 2 x 7-5 97 15 62 340 *** 2500*

t Calc. from iodine uptake. J Calc. from (iodine uptake 4- 20) (see ref. 6.)
" S = small scale (50—100 ml.); L = large scale (3 1.). b Limiting viscosity number [ij] of

recrystallized amylose in m-KOH at 22-5°. " Calc. from D.P. = 7-4\rj]. * A value of 2500 was
obtained from osmotic-pressure measurements on the acetate in chloroform solution ; [ij] of acetate =
520.

* ** *** 1,2, and 3 recrystallizations, respectively.

Table 2. Properties of amylopectins and recrystallized amylose obtained
from dispersions.

Amylopectin Amylose

Dispersion
time (hr.)

J
1

H~
2

Purity
(%) «
98-8
99-2

99-5

Amylose
impurity (%) '

6
4

M in
m-KOH "

490
520
470
450

M of
acetate'

680

640

1,125,000

940,000

D.P.*
3600
3900
3500
32602-5

" As for Table 1. b Measured in CHC13. ' Determined from osmotic-pressure measurements on
the acetate in CHC13 solution. * Calc. from previous column, or from D.P. = 7-4 [ij].

Table 3. Properties of components from combined leaching and dispersion.
Amylose 111 in M of

Expt. Fraction Purity ° impurity (%) 4 m-KOH acetate b IXP>

70° leach f Amylose 94—98 — 240 480 527,000 1830
X Amylopectin 88 60 — — — —•

98° dispersion... ( Amylose *
X Amylopectin

100
99-8 1

560
178

770 1,534,000 5300

Before recrystallization in case of the amylose.
Recrystallized twice.

b As in footnotes to Table 2.

Complete Dispersion of Granular Structure.—The results of these experiments are shown in
Table 2. Thymol-amyloses were found to be about 75% pure, but recrystallization with
butan-l-ol gave products binding 19-5% of iodine. Microscopic observation showed that after
30 minutes' dispersion, a few granules were still gelatinized, but not completely disrupted ;
after 1 hr. only occasional fragments of disrupted granules were apparent.

Leaching at 70° followed by Dispersion at 98°.—The results are shown in Table 3.

Discussion

Aqueous Leaching at 98°.—The qualitative results of previous workers2,4 were
confirmed. Aqueous leaching of potato starch granules at 98° for a short time was shown
to result in the extraction from the granule of material which is predominantly amylose,
with the consequent formation of a residual granular network which is predominantly
amylopectin. However, the extracted amylose (1) is contaminated with amylopectin
(the latter being presumably of low molecular weight), and (2) possesses a much lower D.P.
(2500) than that obtained from a conventional dispersive fractionation (cf. Tables 1 and 2).
At the same time, 10—20% of the amylose is retained in the swollen granules.

These results suggest that preferential extraction of shorter amylose chains is occurring,
owing to incomplete disruption of the granular structure and consequent inability of the
larger amylose chains to diffuse out.

Aqueous leaching at 98° is therefore not suitable for the preparation from potato starch
of either amylose of a high D.P., or amylopectin of high purity.



Dispersion Experiments.—Dispersion for 1 hr. resulted in amylose having a D.P. of
3900 glucose units, a value much larger than that from the above leaching experiments.
After | hour's boiling, disintegration of the granule is incomplete with consequent retention
of some material of high molecular weight (see below). Prolonged boiling results in
hydrolysis, even under the oxygen-free conditions of the experiment. The amylopectins
were considerably purer than those obtained by leaching.

Fractionation involving complete disruption of granular structure results therefore in
the simultaneous production of amylose of high D.P. and pure amylopectin.

Leaching at 70° followed by Dispersion.—Leaching at 70° removed about 40% of the
total amylose from the granule. The leached amylose-product was 97—98% pure
(compare leaching at 98°), but was smaller (D.F. 1830). By comparison, the amylose
subsequently isolated after dispersion of the residual granular structure had a very high
D.P. of 5300 glucose units. The amylopectin obtained after this dispersion was the purest
obtained in this work (see Table 3).

These results suggest, in agreement with Meyer and his co-workers 7 that subfraction-
ation of the amylose has again occurred, short chains being preferentially leached at 70°
whilst the larger ones are not able to diffuse out until the granular structure is further
disrupted by dispersion. Similar results have been obtained by Schoch,8 who suggested
that leaching methods at 70° were inefficient for fractionation, since 50% of the amylose
"

retrograded " in situ in the granule. This appears unlikely, as insolubilized retrograded
amylose cannot be redispersed at 98° under the conditions used here, and it is more probable
that simple subfractionation occurs.

Aqueous Leaching and Granular Structure.—General comments on granular structure
have been made previously.1'5 Only the question of the nature of the granular " sacs "
will be dealt with here. In agreement with Frey-Wyssling 9 and Meyer and Menzi,10 we
have found that potato starch readily forms granular " sacs " on treatment with hot water.
Depending on the extraction temperature, these sacs contain from 88 to 98% of amylo¬
pectin, and retain (microscopically) the characteristics of swollen, disrupted granules. The
persistent, highly swollen remains of granules, after relatively prolonged heating in water,
suggest that strong secondary valency forces of the hydrogen-bond type must be present,
i.e., close and compact packing of the amylopectin must occur. Dissolution of amylo¬
pectin must simply entail disruption of these bonds. This problem is complex, and is
being further examined.

Molecular Size of Potato Amylose.—The observed molecular size of any amylose
depends on the methods of isolating and fractionating the starch.1 In this work, where
methods were chosen to avoid as far as practicable any hydrotytic degradation, the
number-average D.P. of potato amylose has been found to be of the order of 4000 glucose
residues. This is to be compared with previous values in the literature of 240—1130,1 and
emphasises the importance of oxygen-free conditions for the dispersion. (Preliminary
unpublished experiments have shown that the presence of oxygen causes degradation.)
In addition, this value for the molecular size was independent of the variety of potato.
A value of about 4000 was found for both the Redskin and Arran Banner potato starches
studied here, whilst a similar result has been obtained by Mr. W. A. J. Bryce for Majestic
and Golden Wonder potato starches.

This value for the D.P. must be a minimum, since the possibility of inadvertent degrad¬
ation in this work still cannot be eliminated.

Relation between D.P. and [yj] for Potato Amylose.—The results in this and previous
work 0 enabled values to be calculated for K and a in the relation, [yj] = A'(D.P.)a.
Although the distribution of molecular weight in some of the samples may well have been
altered, it was found that, within experimental error, there was a linear relation between
[yj] in m-potassium hydroxide and the D.P. derived from osmotic-pressure measurements



on the corresponding acetate. This relationship is illustrated in Fig. 2 (curve 1) which
also includes the previously reported values for acid-degraded samples of amylose.5 The
equation, D.P. = 7-4[rj], holds for D.P. values up to 4000.

For values of [rj] for the acetates in chloroform solution, calculation by the method of
least squares showed that the results were best represented by the equation, [tj] =

4-30(D.P.)°61 (see Fig. 2, curve 2).
Fig. 2. Graph of fij] as a function of D.P.

/ogjo-p.)
3 60 3 40 3-20 300

Degree of polymerization(^D.P)
(1) ([ij] in m-KOH) versus (D.P. of acetate from osmotic-pressure measurements).

O this work; O previous results (see ref. 5).
(2) log10 ([•>;] of acetate in CHC13) versus log10 (D.P. of acetate from osmotic-pressure measurements).

® this work ; © previous results (see ref. 5).

The significance of the above values of a in the modified Staudinger law, together with
calculations of molecular dimensions, will be discussed elsewhere.

The authors are indebted to Professor E. L. Hirst, F.R.S., for his interest in this work, and
thank the Rockefeller Foundation for financial support.
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932. Physicochemical Studies on Starches. Part VIII* Further
Observations on the Fractionation of Potato Starch.

By J. M. G. Cowxe and C. T. Greenwood.
The fractionation conditions necessary to achieve effective separation and

minimise degradation of the components of potato starch have been critically
examined. Laboratory-prepared and commercial starch samples have been
compared. The amylose from commercial starch is much smaller (D.P.
~2500 glucose residues) than that from the laboratory-prepared sample
(D.P. ~4000), and the effect of aqueous leaching at 70° and 98° also differs.
The uniformity of structure of amylose in the granule is discussed. " Sub-
fractions " obtained duriqg the recrystallisation of the fractionation products
of the laboratory-prepared starch have also been studied.

In Part VI of this Series,1 we reported the results of aqueous leaching at various temper¬
atures on laboratory-prepared potato-starch granules. The problem of fractionation and
the fine structure of the starch granule are further considered here. It is essential to
obtain the separated components in an unmodified form, and artefacts or degradation
products must be avoided. Amylose is susceptible to oxidative degradation at elevated
temperatures.2 The extent to which this occurs during fractionation has now been
examined in detail, as have methods suggested 3 for minimising this effect. Commercial
potato starch has also been fractionated. In addition, the " sub-fractions " obtained
during recrystallisation of the amylose component of laboratory-prepared starch have
been studied in an attempt to establish the presence of material intermediate in structure
between amylose and amylopectin.

Experimental

Preparation of Starch.—Starch was extracted from potatoes (var. Golden Wonder) by the
method outlined previously.4 A sample of commercial potato starch (" Superfine Farina ")
was kindly supplied by Messrs. Brown & Poison, Ltd.

Fractionation Methods.—The methods of fractionation were as shown in Table 1.
Characterisation of Fractionation Products.—Measurements of (a) iodine affinity (I.A.),5

(b) limiting viscosity number [vj] in m-potassium hydroxide,4 and (c) sedimentation velocity in
0-2m-potassium hydroxide 6 were carried out on the separated components as detailed
previously.

Results and Discussion

Our previous results 1 have shown that amylose isolated from laboratory-prepared
potato starch possesses a number-average degree of polymerisation (D.P.) of the order
of 4000 glucose units. This value was therefore taken as a standard to judge the effect
of modifications in fractionation techniques.

Oxidative Degradation.—Many investigators have suggested that starch, particularly
the linear amylose component, may be degraded during fractionation procedures.3 By
measuring the molecular weight of the separated components, we have shown that the
presence of oxygen during fractionation is, in fact, a serious source of degradation. The
results in Table 1 (cf. F1 and F2) show that the D.P. of the amylose produced by passage
of oxygen through the fractionation and recrystallisation media is reduced by one half
(equivalent to ca. 1-2 bonds broken/initial amylose molecule). Even when the recrystallis-
ations are carried out under nitrogen, degradation is still appreciable. Amylopectin is
also depolymerised under these exaggerated conditions.

* Part VII, J. Polymer Sci., 1957, in the press.



Fractionation in the presence of air (F3) results in a less drastic but still appreciable
decrease in D.P.; the amylose undergoes the scission of 0-2—0-5 bond/molecule, whilst
viscometrically the amylopectin is virtually unchanged.

Oxidative degradation can also occur during isolation of the amylose complex. A
Sharpies supercentrifuge was used originally.7 It has since been shown that oxygen-free
conditions cannot be maintained during centrifugation, and excessive use of this instru¬
ment causes some degradation. (For example, after 1, and 1| hours' centrifugation, the
limiting viscosity number of a given amylose sample was 400, 365, and 375.) The
Sharpies centrifuge is now only used to remove the initial complex, and thereafter the
preparative ultracentrifuge or M.S.E. centrifuge is utilised. The resultant products,
although less densely packed, are cleaner and more easily re-dispersed.

Oxygen-free conditions are therefore essential to avoid degradation of amylose during
fractionation. This can be achieved by passing nitrogen (or hydrogen 7a) through the

Table 1. Fractionation methods and the properties of the separated components.
Fractionation method

Expt. Precipitant
F 1 Thymol, then BunOH

F 2 Thymol, then BunOH

F 3 Thymol, then BunOH

F 4 * Thymol, then BuDOH

F 5 * Aq. leaching at 70°

F 6 * Fractionation after leaching at 70°

F 7 Aq. leaching at 70°

F 8 Fractionation after leaching at 70°

F 9 Pyridine

F 10 Pentanol

F 11 KOH-dispersion, then pentanol

naphthylamine
F 13 Thymol and BuOH + quinol

" Purity calc. as in Table of ref. 1. 4 D.P.
* Fractionation using commercial starch.

(3 1.) fractionation. § Recrystalln. under N2.

1 I.A. Purity "
Atm. Ref. Component M (%) (%) D.P.4

N2 1 Initial-complex — 14-2 74 —

Amylose t 500 19-5 100 3700

Amylose j 440 19-5 100 3200
Amylopectin 180 016 99-2 —

o2 1 Amylose § 272 — — 2000
Amylose || 220 — — 1600
Amylopectin 138 — — —

Air 1 Amylose 350 — — 2600
Amylopectin 176 —- — —

n2 1 Initial-complex — 15-5 79-5 —

Amylose 340 — — 2500
Amylopectin 170 0-3 98-5

n2 1 Amylose 330 — — 2400
Amylopectin — 2-3 88-2 —

n2 1 Amylose 330 ■—■ — 2400
Amylopectin 170 — — —

n2 1 Amylose 240 19-5 100 1800
Amylopectin — 2-5 88

n2 1 Amylose 560 19-5 100 5300
Amylopectin -—- 0-04 99-8 —

n2 8 Initial complex — 17-2 90-5 —•

Amylose 360 — — 2700
Amylopectin 165 0-7 96-4 —

n2 9 Initial complex ■—- 14-0 72-0 —

Amylose 405 — — 3000
Amylopectin 180 01 99-5 —

n2 10 Amylose 395 — -—- 2900
Amylopectin 180 — — —

Air 3 Amylose 330 — — 2400

Air 3 Amylose 100 — — 740

calc.1 from D.P. = 7-4[ij] for amylose.
f Small-scale (500 ml.) fractionation.

|| Recrystalln. under 02.
J Large-scale

Table 2. $-Amylolysis limits of amylose samples.
Laboratory-prepared starch Commercial starch

Prep, of sample
in N« Sample f

F 7 J

% °f
total

amylose
40
80

100

l8-Amylo- % of /?-Amylo-
lysis total lysis

D.P. limit * Sample f amylose D.P. limit *
1800 100 F 5 40 2400 100
2700 86 — — — —

3200 77 F 4 100 2500 95

maltose. f Sample number in Table 1 where appropriate.

Aq. leaching at 70°
Aq. leaching at 98°
Dispersion of granule F 1 J

* Expressed as % com
{ Further enzymic experiments on these fractions have been described by Cowie, Fleming, Greenwood
and Manners (/., 1957, in the press).



Table 3. Analysis offractionation products.
% of total Iodine % of M in

Product weight " affinity amylose M-KOH 1013S0 6
Whole starch 100 4-03 20-7 — —

(a) Precipitates
Thymol complex 41 14-2 74 —

Butanol complex 1 ,, ,
— 17-5 90-3 —

2 — 190 97-5 —

3 15 * 19-5 f 100 440 12-5

(b) Materials in supernatant liquors from:
Thymol complex 50 016 0-82 180 200
Butanol complex 1 10 0-4 2-05 76 11-3

2 5 7-8 40 — —

3 2 2-0 10-25 — —

" Estimated for (a) by hydrolysis of aliquot parts and estimation of liberated glucose and (b) by
direct weighing of freeze-dried product. Losses are mechanical. 4 Sedimentation constant in c.g.s.
units at infinite dilution obtained by graphical extrapolation from S = f(c).

* A further 5% was used in analysis of butanol complexes 1 and 2.
f Value constant on further recrystallisation.

fractionation medium, which should preferably be on a small scale (i.e., <500 ml.). (The
results for small- and large-scale preparations in Table 1 indicate that oxygen-free
conditions are more easily maintained in small-scale preparations. Also the length of
time needed to centrifuge the thymol-complex is short.)

Anti-oxidants (e.g., lV-phenyl-2-naphthylamine and quinol), added to the fractionation
medium in the presence of air, did not minimise oxidative degradation (cf. F2, F12, and
F13; Table 1).

Other Precipitants and Fractionation Methods.—As already reported,1 the most
effective method of fractionating potato starch involved complete disruption of the
granular structure, followed by precipitation of the amylose component by a polar organic
molecule. Many complex-forming agents have been used, but thymol followed by butan-
l-ol is a very satisfactory combination.

Higginbotham and Morrison 8 studied the use of butan-l-ol, pyridine, and fsopentyl
alcohol, and concluded that pyridine and butanol were comparable but fsopentyl alcohol
was not so efficient. Results showing the effect of pyridine 8 and pentan-l-ol 9 as initial
precipitants (F9 and F.10; Table 1) suggest that, for potato starch, pyridine is an
inefficient precipitant, yielding an amylopectin only 96-4% pure. Pentan-l-ol, however,
is comparable to thymol, and a good initial separation of the components is obtained.

Starch subjected to pre-treatment with potassium hydroxide (a method suggested 10
for fractionating starches which are difficult to disperse) yielded only slightly degraded
amylose. The fact that potato starch is relatively easy to swell and disperse may account
for this. However, unpublished results 11 indicate that the method is also satisfactory for
cereal starches.

Fractionation of Commercial Potato Starch.—Values reported for the D.P. of potato
amylose have varied considerably.3 With the exception of Husemann and Bartle's
results,12 none has been as large as our own values.4 This could be attributed to degrad¬
ation during isolation, or fractionation, or during the formation of derivatives. In our
work, the latter possibility has been eliminated by studying the free component. How¬
ever, previous investigators have often used commercial starch samples, so we examined
such a starch.

When best-quality commercial potato starch was fractionated under oxygen-free
conditions, the resultant amylose had a D.P. of only 2500 (F4 in Table 1). Thus com¬
mercial extraction of starch appears to degrade the amylose. This fact, together with
oxidative degradation, probably accounts for the lower reported values of D.P. (A
fractionation in the presence of air might be expected to result in an amylose of D.P.
~1700 before preparation of derivatives.)



Aqueous leaching of the commercial starch at 70° also gave amylose of D.P. 2400, and
this value was unchanged when the granule was subsequently dispersed at 98° (see
Table 1). This behaviour is completely different from that of laboratory-prepared
samples,1 and suggests that in the commercial samples all the amylose is equally accessible.

Uniformity of Structure of Amylose.—Our aqueous-leaching experiments1 suggest that
in potato starch there may be two amylose fractions, (1) easily accessible material of
relatively low D.P. and (2) a fraction of higher D.P. requiring disruption of the granule
before isolation. There is the possibility that these fractions may also differ in structure,3
Although physical evidence shows that their iodine affinities are identical, and the same
In M versus In [rj] relationship holds within experimental error, the D.P.'s are so large that
chemical methods are not satisfactory. However, fS-amylase will degrade a linear amylose
molecule completely to maltose, whilst its hydrolytic action stops at any branch-points or
other anomaly.3 Experiments carried out in collaboration with Mr. I. D. Fleming
showed that the |3-amylolysis limits of the different amylose fractions varied considerably
(Table 2).

For laboratory-prepared starches, the complete degradation of the amylose leached at
70° suggests that this short-chain material is completely linear. Extraction at higher
temperatures gives amylose which is incompletely hydrolysed, the amount of resistant
material increasing with increase in temperature and consequent disruption of the granule.
The probable nature of this barrier to (3-amylolysis will be discussed elsewhere, but it
appears to be associated with disruption of the granule and hence some branching is not
improbable.3

The leaching and (3-amylolysis results for the commercial starch differ greatly. All
the amylose products were of virtually the same size, and, whilst that leached at 70° was
again linear, the product of a conventional dispersion was also nearly completely
hydrolysed.

Analysis of the " Sub-fractions " obtained during Fractionation.—The granule may
contain fractions with properties intermediate between those of amylose and amylo-
pectin.3 In an attempt to identify such material, a careful analysis was made of all the
products from a fractionation of a laboratory-prepared starch, especially the solids from
the mother-liquors obtained from recrystallisation of amylose. The results are shown in
Table 3. The weight of material in the supernatant liquors decreased regularly and the
iodine affinity increased generally. With the exception of the solid from the super¬
natant liquor from butanol complex 2, the iodine-binding curves were identical in
character with those previously reported for a similar analysis of Hevea brasiliensis starch.7
Examination of the thymol complex in the ultracentrifuge revealed an apparently homo¬
geneous fraction, although it contained about one-third of amylopectin. Amylopectin
normally has a sedimentation constant about twenty times larger than amylose, but the
amylopectin product isolated on reprecipitation of the thymol complex had a value equiv¬
alent to that for amylose itself. Without further evidence, it is impossible to decide whether
there are also two amylopectin fractions of widely differing D.P., or whether this " thymol-
amylopectin " has a different structure, although it has similar iodine-binding properties to
amylopectin. Experiments are in progress to investigate this. Recrystallisation of the
amylose apparently results in the elimination of branched material and presumably also
short-chain amyloses, although the latter are difficult to detect by potentiometric iodine
titration. With the possible exception of the " thymol-amylopectin," no major component
has been detected which might be an intermediate between amylose and amylopectin.

The authors thank Professor E. L. Hirst, F.R.S., for his interest, and Mr. N. J. Philip for
some experimental assistance, also the Rockefeller Foundation for financial support, and
Messrs. Brown and Poison, Ltd., for a generous supply of commercial potato starch.
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135. Physicochemical Studies on Starches. Part IX.* The Mechan¬
ism, of the $-Amylolysis of Amylose and the Nature of the [i-Limit
Dextrin.

By J. M. G. Cowie, I. D. Fleming, C. 'J'. Greenwood, and D. J. Manners.
The mechanism of the hydrolysis of amylose by (17) pure p-amylase, and

(/)) p-amylase and Z-enzyme, has been studied by measuring the D.P. of the
residual polymer at varying degrees of conversion into maltose. Amylose
fractionated severally in presence and absence of air, and a sub-fraction
obtained by aqueous leaching of the granule, have been used as substrates.
The molecular properties of the various 50% conversion dextrins and the
77% p-limit dextrins were examined in detail.. In all cases, hydrolysis
proceeded by an essentially single-chain mechanism as there was no evidence
of molecules other than amylose of D.P. % the original and maltose in the
digest. The structure of the p-limit dextrin, which is thought to contain a
randomly-situated barrier to p-amylolysis, is discussed.

The action of p-amylase on amylose, which commences at the non-reducing end of the
molecule, involves hydrolysis of alternate a-1 : 4-glucosidic linkages with the production of
maltose. In a recent paper,1 we reported the p-amylolysis of an amylose of high molecular
weight, prepared 2 by thymol fractionation of potato starch after complete disruption of
the granules. Our results confirm that the pure enzyme degrades only ca. 75% of amylose,
and that for complete conversion into maltose a second enzyme (Z-enzyme) is required.
The specificity of the latter enzyme was examined, and evidence presented that the
p-amylolysis limit for the pure amylose is not an artefact associated with the colloidal
instability of the amylose substrate.1 The nature of the barrier to p-amylolysis is not
known.

The specific mode of action of the p-amylase has been in dispute.3 Maltose may be
produced by the enzyme either by (1) attachment to one amylose molecule and then, by step¬
wise removal of maltose units, complete degradation before attack on another amylose
molecule (" single-chain " action), or (2) by removal of one maltose unit on each random
collision with an amylose molecule, with the result that all chains in the system will be
shortened simultaneously (" multi-chain " action). Reaction mechanisms between (1)
and (2) are also possible. However, determination of the molecular weight of the residual
polysaccharide at intermediate stages of p-amylolysis will indicate which mechanism is
operative. Under normal experimental conditions, with a large substrate : enzyme ratio,
the number-average degree of polymerisation (D.P.) of the residual amylose at any time
during a single-chain reaction will be the same as that for the original up to the stage when
the number of substrate molecules is approximately equal to the number of enzyme
molecules (at this point, a multi-chain mechanism is inevitable). For multi-chain action
throughout, the D.P. of the amylose will decrease as the reaction proceeds, the reduction
being proportional to the percentage conversion into maltose. Experiments of this type
have been carried out by Kerr and Cleveland,4 who found that the polymeric product
isolated at about 50% conversion into maltose possessed virtually the same iodine affinity,
limiting viscosity number, and D.P. as the original amylose. In our work (a preliminary
account of which has appeared 5), we have extended this type of experiment to include the
measurement of the D.P. of the residual polymer at varying degrees of conversion into
maltose resulting from the action of («) pure p-amylase, and (b) p-amylase and Z-enzyme.
Amylose fractionated severally in presence and absence of air, and a subfraction obtained
by aqueous leaching of the granule, have been used as substrates. The molecular size of
various 50% conversion dextrins and 77% p-limit dextrins has been examined, and the
structure of the p-limit dextrin is discussed. .

* Part VIII, 1957, 4640.



Experimental

Preparation of Amylose Samples and their Characterisation.—Potato starch (var. Arran
Banner) was fractionated by (1) dispersion in the presence or absence of oxygen, and (2) aqueous
leaching at 70°. These methods and those used to characterise the polymers have been
described in detail previously in this Series.

Preparation of Enzymes.—Barley (3-amylase and soya-bean [3-amylase were used. Their
preparation and properties have been described elsewhere.1

Digest Conditions.—At pH 4-6 and 35° soya-bean [3-amylase showed no Z-enzyme activity
and converted 77% of amylose samples of high D.P. into maltose, whilst under these conditions
barley [3-amylase hydrolysed all samples completely.1 Amylose was dissolved directly in water
from the well-centrifuged butan-l-ol complex and buffered with acetate to pH 4-6. Enzyme
solution 1 was added and the reaction rate followed by withdrawal of aliquot parts at intervals
and estimations of the liberated maltose. In all digests, the concentration of enzyme (100 units
per mg. of amylose) was such that 50% conversion had occurred within 30 min., and hence
retrogradation of amylose was unlikely.

Isolation of and Measurements on (3-Amylolysis Products.—The D.P. of the polymeric product
at different percentage conversions was obtained by withdrawing aliquot parts (2 ml.) of the
digest and adding M-potassium hydroxide (0-5 ml.). The resultant 0-2M-potassium hydroxide
solution (maximum concentration of amylose, 0-18 g./lOO ml.) was examined directly in the
Spinco ultracentrifuge. Each aliquot portion was studied at three dilutions; the limiting
dilution was 0-02 g./lOO ml. The 50% conversion and 77% (3-limit dextrins were isolated by
adding butan-l-ol, then heating the digest for 2 min. on a boiling-water bath (to complete de¬
activation of enzyme) and allowing the butan-l-ol complexes to be precipitated at room
temperature during 24 hr. After removal by centrifugation, the complexes were thoroughly
washed with butan-l-ol-saturated water to remove maltose.

A study of the (3-amylolysis of amylose is complicated by the fact that the (3-limit
depends on the method of preparation of the amylose. Our aqueous leaching experi¬
ments 1-2-6 have shown that potato starch granules contain an easily accessible amylose
fraction of relatively low molecular weight, which is completely hydrolysed by pure [3-
amylase. In this work, the action pattern of [3-amylase on the whole amylose has been
studied in order to investigate the [3-limit dextrin and also to use conditions equivalent
to those of other workers. The action pattern under these conditions proved to be
identical with that for the completely linear amylose prepared by aqueous leaching.

Action of Pure [3-Amylase.—(a) Whole amylose. Preliminary trial digests showed that
the sample of amylose used (D.P. 3200) gave 77% conversion into maltose. When
aliquot parts were removed at intervals, and studied in the ultracentrifuge, the sediment¬
ation constant (S20) of the residual polymer as a function of the concentration (c) was as
shown in Fig. la. (The sedimentation constant for amylose is concentration-dependent,
as previously reported.7) All the points lie on the same curve, within experimental error,
although there is a tendency for the values in the earlier stages of conversion to be slightly
higher. Fig. 1 a also shows the corresponding plot of S.,a against S20.c as recommended
by Gralen 8 to facilitate extrapolation to infinite dilution. The points again lie on the
same curve. The limiting value of .S'20 for all the residual amyloses was therefore
independent of the degree of conversion into maltose up to and including the 77% limit.
This result would not be expected on the basis of multi-chain action.

In order to confirm that the sedimentation constant of the (3-limit dextrin was

unchanged, it was isolated from a large-scale digest. A comparison of the properties with
those for the original amylose were as shown:

Discussion

Lil
430
415

Iodine affinity 10I3(%„)„
Original amylose
77% limit

19-5
19-2

13-1
131

The sedimentation results are shown in Fig. 1/;. The agreement in sedimentation constants
shows that the liberated maltose does not influence 520 when portions of the digest are



studied directly. The properties of the two polymers are identical within experimental
error.

Further, paper chromatography of the digest showed that sugars other than maltose
were not present. It was apparent that, in the hydrolysis of amylose by pure (3-amylase
at pH 4-6 and 35°, the hydrolysate contains only amylose with a D.P. greater than or equal
to that of the original and maltose. Multi-chain action is therefore excluded.

If amylose is attacked only from the non-reducing end then, as has been stressed by
Kerr and Gehman,9 the rate of maltose production should be proportional to the molarity
rather than the actual weight concentration of amylose. Accordingly solutions of
amylose of varying D.P. but equal molarities should show the same rate of production of
maltose. Results of experiments for two 1-4 x 10 GM-solutions were as shown:

Conversion (%) into maltose at a given time [mini).
D.P. of amylose 5 10 15 30 60

3200 34-9 44-9 55-6 71-0 77-8 (const.)
2000 32-5 44-7 53-0 71-1 75-2 (const.)

These results again substantiate an essentially single-chain action. Similar results have
been reported by Kerr and Gehman.9

Although it has been reported10 that oxygen-treatment can introduce barriers to the
phosphorolysis of amylose, it was shown elsewhere 1 that amylose prepared in the presence

Pig. I. Sso versus c and S20 versus S2„.c for amyloses treated with pure fi-amylase.
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(a) Effect of enzymic hydrolysis; O original amylase; x 35% conversion; A 45% conversion;
□ 55% conversion; 0 77% conversion into maltose.

(h) Original amylose O and 77% limit dextrin 0
(c) Effect of enzymic hydrolysis {oxygen-treated amylose); O original amylose; x .23% conversion;

A 34% conversion; □ 56% conversion; 0 75% conversion into maltose.

of oxygen was hydrolysed as far as 75% conversion into maltose. The enzymic degrad¬
ation of this amylose sample was also studied in detail. Fig. lc shows the plots of S20
against c and against S20.c for the residual amylose at varying degrees of conversion into
maltose. Again, within experimental error, the limiting value of S20 for the residual
amylose is independent of the conversion up to, and including, the limit. Typical



sedimentation diagrams are shown in Fig. 3. Essentially single-chain attack is therefore
again established.

(b) Aqueous-leached amylase. To confirm the above action pattern, a 50% conversion
product was prepared from a sample of amylose leached 2,6 at 70°. The limiting viscosity
number of this product was the same as that for the original amylose, within experimental
error (for the original amylose, %] = 270; for the 50% conversion dextrin, % = 265).

Fig. 2. N,„ versus c ami .S'2II versus S2„.c for atnyloses treated with fi-amylase ami /.-enzyme.
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(a) Effect of enzymic hydrolysis: O original amylose; x 35% conversion; A 53% conversion;
□ 64% conversion into maltose.

(b) Original amylose O and 50% conversion dextrin $.

Action of (3-Amylase and Z-enzyme on Whole Amylose.—A similar series of investigations
was carried out under conditions involving the concurrent action of p-amylase and
Z-enzyme and the complete hydrolysis of whole amylose. Fig. 2a shows the sedimentation
results for the residual amylose at varying degrees of conversion, whilst the corresponding
results for a 50% conversion dextrin (isolated from a large-scale experiment) are shown in
Fig. 2b. Typical sedimentation diagrams are shown in Fig. 3. The properties of the 50%
limit and the original amylose were identical, in agreement with Kerr and Cleveland's
results,4 as shown:

Original amylose
50% limit dextrin

%
430
425

Iodine affinity
19-5
190

1013(5,„)
131
13-1

This again substantiates single-chain action.
Effect of %Amylase Action on the Absorption Spectra of the Amylose-Iodine Complex.—

Swanson 11 observed that the wavelength of maximum absorption (Xmax,) of the amylose-
iodine complex was unaltered during p-amylolysis, thus indicating single-chain action.
However, Bourne and Whelan 12 have criticised Swanson's iodine-staining conditions, and
found a movement of Xmiix. from 660 to 580 my. when equal weights of polysaccharide were
stained during the formation of

3200 with
3% of maltose. We have therefore incubated amylose

of D.P. 3200 with (3-amylase, and stained equal weights of residual amylose at intervals
up to the production of 84% of maltose. In all samples, the Amax. remained unchanged at
ca. 660 my. It now seems probable that Bourne and Whelan's results are due, in part, to



contamination of amylose with amylopcctin (the (3-dextrin of amylopectin 13 has XJllux.
ca. 540 mil), and arc not the direct result of multi-chain action. (Amylose prepared
recently in this Laboratory by the aluminium hydroxide method 14 contained only SI —
87% of amylose.) It should also be noted that iodine-staining measurements on amylose
of high D.P. [ca. 3000) do not enable the reaction mechanism to be determined. (With
single-chain action, no movement of is to be expected, whilst, with multi-chain
action, the residual amylose at 84% (3-amylolysis would have a D.P. of ca. 500; for
this would be little altered.3)

The Action Pattern of (3-Amylase.—All the above results are inconsistent with the
concept of multi-chain action. Rather, it appears that, under the conditions of our
experiments, the amylose after making contact with a substrate molecule hydrolyses it
completely before attacking another molecule, in agreement with Kerr and Cleveland's
results.4 This action is consistent with the remarkably high " turn-over number "
(250,000) reported 15 for the enzyme.

Fig. 3. Tracings of typical sedimentation diagrams. Schlieren wire assembly. In all eases, speed=
60,000 r.p.m.; movement is from right to left: times given are those after reaching full speed: the figures
ill parentheses after the times indicate the angle of the Schlieren wire.
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(a) Original amylose: c = 0-14 g./lOO ml. at 5 (70°), 9 (66°), 13 (60°), and 17 (60°) mill.
(ft) 77% limit dextrin : c = 0-13 £.,'100 ml. at 5 (70°), !) (60% 13 (60°), and 19 (60°) min.
(c) 50% conversion dextrin: c = 011 gf100 ml. at 5 (70"), 9 (60°), 14 (60°), and 18 (60°) min.

Nevertheless, the action pattern appears to differ for short-chain amyloses. Recent
studies by Bird and Hopkins 16 have shown that amylose-dextrins (D.P. 16—30) were
degraded by multi-chain action, whilst Bailey and French17 found that short-chain
synthetic amyloses were attacked by an intermediary mechanism, whereby several
glucosidic linkages are hydrolysed during the enzyme-substrate reaction. It is probable
that the relative rate of diffusion of the substrate is a controlling factor in the reaction,
since at higher temperatures multi-chain action predominates.18

The present study therefore indicates that, at pH 4-6 and 35°, [3-amylase degrades
amyloses of high molecular weight (D.P. ^ 103) by an essentially single-chain mechanism.

Order of Reaction.—Under our experimental conditions, the rate of reaction was so fast
that a detailed analysis was not possible. However, the reaction in its initial stages was
not of a definite zero or first order (cf. refs. 19 and 20), but the value of k altered. For
the overall reaction, the plot21 of 1/D.P. against t was not linear. This reaction is being
investigated further.

Nature of the [i-Limit Dextrin and the Structure of A mylose.—As indicated above, amylose
in potato starch is heterogeneous both in D.P. and in behaviour on (3-amylolysis. Our
previous results indicate that there is 30—40% of amylose of D.P. 1800, which is completely
hydrolysed to maltose by pure [3-amylase. The sample of whole amylose used in this work
had a D.P. of 3200, and a [3-limit of 77%. It therefore follows that the D.P. of the



presumably incompletely hydrolysed amylose is of the order of 6000, and that, to the first
approximation, it has a fi-limit of 50%. (This accounts for a final D.P. of ca. 3000.)
A 50% limit suggests that the barrier to (3-amyldlysis is randomly distributed throughout
the high-molecular-weight amylose.

Although the nature of the barrier has not been established, several possibilities have
been considered. The barrier may be situated in the main amylose chain itself, or in a
side-chain joined through position 2, 3, or 6 of a constituent glucose residue in the main
chain. The former possibility would imply that phosphorylase is not completely specific
for a-1 : 4-linked glucopyranose residues.

A side-chain formed by an ester-phosphate group is unlikely, since bone phosphatase,
which dephosphorylates starch, does not remove the anomalous linkage.22 Further, the
suggestion by Peat and his co-workers 22 that single glucose residues are attached to a main
amylose chain could not be verified experimentally by Hopkins and Bird.23 An
alternative possibility is that the molecule is branched, each branch containing several
hundred glucose residues. Kerr and Cleveland 24 have, in fact, suggested that potato and
tapioca amylose are singly branched, and contain 1—3 branches per molecule. Our
previous studies 1 suggest that, if branching occurs, the interchain linkage is not of the
a-1 : 3- or a-1 : 6-type.

It must be noted that amyloses from a wide variety of plant starches contain anomalies
which are resistant to [3-amylase.25 Individual amyloses appear to differ in both D.P. and
(i-amylolysis limit, indicating that variations exist in the relative proportion and
distribution of the barriers to |3-amylolysis.
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MECHANISM OF THE DEGRADATION OF

POTATO AMYLOSE BY (3-AMYLASE

By J. M. G. Cowie, I. D. Fleming, C. T. Greenwood
and D. J. Manners

Department of Chemistry, The University, Edinburgh, 9

Although the general action pattern of 3-amylase
on amylose is well-established, the specific reaction
mechanism is uncertain, and has been the subject of
much controversy.

Swanson,1 on the basis of iodine absorption
measurements, and Kerr and Cleveland,2 using
physical measurements, suggested that the mechanism
is of the " single-chain " type in which the enzyme
attaches itself to one amylose molecule and degrades
it completely before attacking another. However,
Bourne and Whelan3 and Hopkins and Jelinek4 have
interpreted their iodine absorption measurements as
indicating a " multi-chain " mechanism whereby all
the amylose molecules are degraded simultaneously.
More recently, Hopkins and his collaborators5 have
also suggested that (3-amylase degrades short-chain
amylose molecules by multi-chain action.

If the mechanism is of the single-chain type, then
under normal experimental conditions, with a large
substrate/enzyme ratio, the degree of polymerization
(d.p.) of the residual amylose at any time during the
reaction will be the same as that for the original up
to the stage when the number of substrate molecules
is approximately equal to the number of enzyme
molecules. (At this latter point, a multi-chain
mechanism is then inevitable.) On the other hand,
if a multi-chain mechanism is operative throughout,
then the Dip! of the amylose will decrease as the
reaction proceeds, the reduction being proportional
to the percentage conversion to maltose. The
reaction mechanism can therefore be established
unequivocably from measurements of the molecular
weight of the residual amylose at varying stages of
(3-amylolysis.

Experiments of this type have been carried out by
Kerr and Cleveland,2 who isolated the polymer-
product after 50% conversion to maltose and found
the d.P., iodine affinity, and limiting viscosity number
of this to be virtually the same as the original amylose.
We have extended this treatment by measuring the
d.P. of the residual polymer at varying degrees of
conversion throughout the reaction, as well as the

dTp) of a 50% conversion dextrin and a 75% (3-limit
dextrin.6

Amylose (prepared under oxygen-free conditions
from potato starch as previously described7 and
having an initial d!p. of about 3500) was incubated
at pH 4-6 and 35°c. with soya bean and barley
[3-amylases, which hydrolysed the polysaccharide to
give 75% and 100% conversion to maltose, respec¬
tively. (The barley enzyme preparation showed
Z-enzyme activity.6) Portions of each digest were
examined at intervals, in 0-2m potassium hydroxide,
in an electrically-driven Spinco ultracentrifuge; each
fraction was examined at several dilutions in view
of the concentration dependence of the sedimentation
constant of amylose in alkali.8

The sedimentation constant of the original amylose
was also determined and comparison of the results
indicated that up to 75% conversion to maltose, the
residual polymer product in both digests had. within
the limits of experimental error, the same sedimenta¬
tion constant as the original polysaccharide.

Furthermore, a detailed study of the sedimentation
constants, limiting viscosity numbers,7 and iodine
affinities7 of both a 50% conversion product (prepared
by using barley |3-amylase) and a 75% ,3-limit dextrin
(obtained using soya bean fi-amylase) showed that
the properties of these polysaccharides differed only
slightly from those of the original amylose.

On the basis of these results, it would appear that,
in agreement with Kerr and Cleveland,2 the mechanism
of the action of the two (3-amylases used here on pure
potato amylose of high d.P. is of the "single-chain"
type.

It is hoped to publish full details of these results
and experimental methods elsewhere.
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