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I. INTRODUCTION

A study of the change in properties of corn starch during
plant growth has been made. From this study information con-
cerning the structure of starch and its relation to glycogen
was obtained.

Some years ago glycogen was conslidered as a reserve poly-
saccharide of only the animal kingdo:. Starch, a reserve
polysaccharide for plants, was considered as being both chem-
ically and nhysieally different frov. glycogen. In the last
10 or 15 years, Meyer (1) and many others have proclaiied that
neither starch nor glycogen 1s a cherical identit;. Glycogen
is found in the lower plants such as fungi and yeast and also
in the higher plants such as Golden Bantam sweet corn.

Hehre, Harilton and Carlson (2) observed that the poly-
saccharide synthesized by Neisseria perflava cultures has
properties si:ilar to those of amylopectin, the branched cou-
ponent of starch, while the polysaccharide synthesized by 1its
cell-free enzyme syster reserbles that of glycogen. Barker,
et._al. (3), using a different strain of Nelgserla perflava,
found that the polysaccharide synthesized by sucrose cultures
had properties between glycogen and amylopectin. By changing
the feed for starved rabbits fror fructose or glucose to
galactose or sucrose, the average chain length of the glycogen
is changed fron 12 glucose units to 18 (4). This latter ex-

ample has been disputed (5). However, all of these examples




illustrate that a high degree of branching is not restricted
to glycogen and a low degree of branching to amylopectin.

This is most likely due to the changing of the relative activ-~
ities of the branching and phosrhorylase enzymes.

Starch consists of both a linear component called amylose
and a branched component called arylonectin. Therefore the
production of starch in sweet corn endosnerm involves a three
fold query: How can the highly branched glycogen, the lesser
branched amylopectin, and the completely unbranched amylose
be nroduced in the same cells and in the same vieinity in
these cells? Cumulative evidence seers to roint towards gly-
cogen as being an intermediate 1n the synthesls of starch.
Therefore the following sequence 1ls nroposed:

sucrose —» glycogen —» amylose + amylopectin

The conversion of glycogen into starch can best be ex-
plained by assuming an irreversible debranching of the glycogen
followed by the connecting of these linear debranched chains
to form amylose. The partially debranched glycogen 1s called
amylopectin. The production of longer unbranched chains in
the amylopectin allows thls partially debranched glycogen and
amylose to crystallize out of solution in the form of starch
granules, the variation in the rate of erystallization pro-
ducing the well-known granular rings.

The evaporation of water from the kernel appears to be

connected with the synthesis of starch and the per cent amy-
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lose in the starch (6). To study this, some corn ears were
bagged with cellophane bags during maturation in order to
retard the evanoration of water and others were husked in order
to hasten it.

The mechanism proposed above involves a simultaneous
production of amylopectin and arylose. Because the plant is
subjected to diurnal variations, it 1s possible that amylose
is produced during the day and amylopectin during the night.
The twelve hour varlations in yield and per cent amylose in
corn starch were studied in order to deterrine if such a proc-
ess occurs.

In order to study the effect of light on per cent amylose,
potato plants were grown under three differ-nt conditions: a
small arount of light, normal day light, and almost continuous
lighting.

A study of how starch is produced also lnvolves a study
of the structure of the components of starch. A statistical
model based on the random condensation of glucose units was
developed (7). It is known that all of the 1,h4-linkages in
amylopectin and glycogen are acld hydrolyzed at the same rate.
Acld hydrolysis would therefore be a reverse of a random con-
densatlon reaction. If amylopectin and glycogen arc produced
randomly as in a h-pothetical condensation reaction instead
of all branched molecules having the same structure, then they

should behave as a statistical molecule during acid hydrolysis.
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Acid degradation studies were therefore made on waxy, dent
and sweet corn amylopectins and on sweet corn glycogen.

The high molecular weirhts of amylopectin obtained by
1ight scattering methods have been subjected to much criti-
cism. The statistical model nredlets that the weight average
molecular weircht will be at least around 100 tines the number
average molecular welcht. This would account for the dis-
crepancies found in the literature. Sore amylopectins were
subjected to sedimentation measurements, centrifugation
studies (8), variation in the solvent syster, and variation
in the method of disnersing the granules in order to show that
this great difference 1s not due to the presence of a small

amount of extremely large particles.
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ITI. STRUCTURE AND BIOSYNTHESIS OF STARCH AID GLYCOGEN

A, Statistical Model

1. Development of gtatistical mode]

Erlander and French have developed a statistical model
for a branched npolymer built from a monoxeric unit (such as
glucose) which has two types of reactive groups (aldehydic
and alcoholic). The treatment differs fror that of Flory (9)
in that the different B groups in the A-R-B, ; monomer have
differing reactivities instead of equal reactivities. 1In
applying this to carbohydrate chemistry glucose may be used
to represent three different types of A--B--Bf_1 monomers. In
each case the aldehydic group of glucose represents the A
functional group and the alcohol grouns represent the f-1 B=-
functional groups. Glucose may be represented as A-B if the
functionality of the glucose monomer is two. When B repre-
sents the alcohol group on carbon atom number four, the con-
densation of these A-B units will give polymers resembling
cellulose or amylose. When f = 3, glucose may be represented

as an

monomer with B1 and B2 representing the alcohol groups on car=-

bon atoms four and six. The condensation of such units would
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give polymers resembling amylopectin and glycogen. Similarly

for £ = 5, glucose would be represented as

and the polymer obtained by the condensation of such units would
resemble polyglucose (see Fig. 1).

Because of its length, the development of the statistical
model, the number~, weight-, and Z- average degrees of poly-
merization, and the evaluation of the weight fraction of and
x-mer will not be given here. For the evaluation of these
quantities one can refer to the paper by Erlander and French
(7)

As noted above the glucose unit in starch or glycogen
can be considered as an A-R-By_, monomer when f = 3, the A
group representing the potential aldehydic group and the B1
and 32 grouns any two aleoholic groups on the glucose monomer.
Since amylopectin and glycogen consist essentially of 1,%-

and 1,6-linked glucose units, we can consider the glucose

By,

unit as an A monomer having probablilities m, and pg for
Bg,
forming a linkage at Bh and B6, respectively. If there 1s




Fig. 1. Representation of glucose as various A-R-Br_l monomers .
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branching other than 1, 6, it can be shown that the change
(an increase) in weight-average molecular weight will be
negligible. Also the weight or higher average molecular weights
are not changed by the fact that the glucosidic bonds may be
or _/ or a mixture of X and 5.

From the paper by Frlander and French (7) the molecular

weights of amylopectin and glycogen are

M, = 162/(1-pu-p6)
W, = 162(1-pf =pZ)/(1-py,-pg)?
: 2_2 2 2
162 {(1-m-p6)(1-m-p6) -2(1-p),~pg) [Pu(l'l’h) + p6(1-p6)]
= +'3(1-pE -pg) [:ph(l-ph) + p6(1-p6i12
. = £

(1-m,-pg)° (1-pf; =p2)
Here ﬁh, E;, and ﬁ; are equal to the number-average, weight-
average, and z-averagec molecular weights.

Using a different anproach, Allen (10) has developed an
equation for the mole fraction of the bl’ b2 -mer in the con-
densation of A-R-B2 units. His equation can be showr to be
identical to the one developed in the statistical model and
thus adds nroof to the validity of the above zquationa.

2. Less random statistical models

Because starch and glycogen are produced by enzymes, there

is a possibility that the neighboring branch points may be two
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or more glucose units apart due to sterie hindrance of the
exlisting branch noint. Two less random statistical models
were therefore devised in order to deterrine whether they too
would give a large difference between Pw and Mn. In the less
random model V, one can consider the condensation of "monomer"
units, each containing one branch point (1, 6 linkage) and
having 25, 20, and 10 glucose units which represent 4, 5, and
10.% branching, resnectively (see Fig. 2). The letters A and
Bh have been attached to signify the aldehydic group and al-
coholic groups that are canable of reacting. All 1,k-linkages
are horizontal and the 1,6-linkage is vertical. Both By
groups form 1,4 linkages and their probabllity of reacting is
X, The molecular weights for the condensation of such
monomer units are:
fn =162 Y / (1-2X) and Tiw = 162 ¥ (1-2 o%2)/(1-2X)?
where Y = the number of glucose units in a monomer unit. The
structure of such a model built from these "monomer" units is
also represented in Fig. 2. Alternate units in the polymer
are distinguished one from the other.

The less random rodel I, as illustrated in Fig. 2, 1s
made from "monomer" units that consist of all 1,4-linked glu-
cose units. The B, and By groups representing the 4 and 6
position on the last glucose unit having equal reactivity and
their probability of forming a linkage is @< . Each "monomer"

unit in the polymer formed from such units 1ls rerresented by




Fig. 2.

Illustration of the two less random models and a
comparison of their niolecular weights with the

statistical model.
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a line or a dotted line. During polymerization of thls theo-
retical "monomer", half of the condensations with the A group
ocecur with the B6 grounp and the other half with the B, group.
Because a branch is formed only when the B6 groun reacts, then
ten glucose residues instead of twenty as in rmodel V are needed
to give 5.% branching. Therefore the difference between the
two models is that the 5.% branched less random model V always
has a branch point every 10 glucose units while the 5.%
branched less random model I may have 10 or 20 or more glucose
residues in a chain before a branch noint 1s reached. The
welght average molccular weights for the statistical and two
less random statistical models for a given number averare
degree of nolymerization and per cent branching are compared
in Fig. 2. It is seen that the ratio MwAn is still large

even for the less random models.

3. Properties of the three statistical models and comparison
with literature values

It has been thought for some time that the discrepancies
between the rolecular welghts of amylopectin obtained by vari-
ous methods were due to some nhysical factor such as degrada-
tion or aggregation or to inaccuracies of the chemical or
nhysical methods used to deterrine these molecular weights.
Literature values for the weight average rmolecular weights

are about one hundred times larger than the number-average
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molecular weights. For the Kuhn distribution (condensation

of A-B units) (11) the ratio Mw / ¥n arproaches two with in-
creasing size, but in randomly branched polymers (where f is
greater than 2) ¥ / ¥n denends on the molecular size increas-
ing without 1imit and in the range of amylopectin and glycogen
may easily be in thg hundreds.

To illustrate this, molecular weights for different de-
grees of nolymerization have been calculated and are given in
Table 1. The results show that, if corn amylopectin (4%
branching), potato amylopectin (5% branching), or glycogen
(10% branching) reserble a statistical model, then a large
difference betwecen weilght-and number-average molecular weights
is to be exnected. It should be pointed out that [fw increases
as the degree of branching increases for a given ¥n, the num-
ber average degree of poliymerization.

Table 1 illustrates the change in Mw with a change in the
degree of branching at constant Vn, the change in Mu with a
change in ¥n at a constant degree of branching, and the change
in ¥n with a change in the degree of branching at constant
Mw.

One can obtain the weight fraction for a molecule com=-
posed of x glucose units ("x-mer") if the number average de-
gree of polymerization and per cent branching of all the
molecules in the distribution are known. The weight fraetlions

for various size molecules have been calculated and are listed
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Table 1. Molecular weights for the statistical model

of amylopectin and glycogen

Per cent - - -

branching Xn Mn Mw_
N 1000 162,000 12,800,000
5 1000 162,000 15,700,000
10 1000 162,000 59,500,000
L 1500 243,000 28,500,000
1500 243,000 35,100,000
10 1500 243,000 66,000,000
L 10,000 1, 620,000 1,250,000,000
10,000 1,620,000 1, 5%0,000,000
10 10,000 1,620,000 2,920,000, 000
I 1675 ’271,000 35,000,000
5 1500 243,000 35,000,000
10 1100 178,000 35,ooo 000
5 550 89,100 5,000,000
10 400 6141800 5,000,000

in Table 2. In order to avoid the laborious calcul :tions for
each x-mer one can find the approximate weight per cent of

all molecules between two X-mers by using the trarezoldal rule
of integration. These "weight fractions” were found for the
statistical and less random model V. Essentially the same
distribution of x-mers for a given welght-average molecular
weight w»s found for the two less random models and the sta-

tistical model. The discrepancies in the total percentage
are due to the inaccurncy of the integration.

In Fig. 3 the normalized theoretical distributions for
all three statistical models is compared to the "distribution"
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Table 2. Welght per cent of "fractions" for the statistical

model of arylopectin and for the less random model V

Xn = 1500, Mw = 35 x 106, 5% branching, for statistical model

Xn
The theoretical distribution obtained from these "fractions”

i

2970, tw = 35 x 106, 5% branching for less random model V

are plotted in Fig. 3.

——

No. of  Wt. Wt. € of Av. ¢ Wte. % of
glucose fraction "fractions" MWx10 - of "fraction"
units in of x-mer for "fraction" for less random
X-mer 7 statistlecal model V
x 10 model

2
1x10 545

3 3.7 0,081 Lok
1x10 272

h ? 16.5 0.89 1601
1x10 8446

) ] 23.8 %.85 2k.0
5110 3""05

5 3 14,0 12.2 14,2
1x10 21.7

5 } 16.9 24,3 17.1
2x10 12.2

5 ? 10.0 %0.5 11.0
3x10 7.87

5 6.6 57.7 7.6
hx10 SQMO y 6 h 6
5107 3.83} 73

5 } 3.3 89 3.3
6x10 2.77

5 3 2.3 105 2
7x10 1.7k

6 3.9 138 4.3
1x10 0.84

6 = ? ““05 2“"3 )"'05
2x10 000)9 -; 0.3 hos 0.3
31106 0.00396

Total « ¢« o ¢ ¢ ¢ o o ollOoh% 11308%




Fig. 3.

Witnauer, Senti, and Stern's "distribution" is compared to essentially

coincident distributions of the statistlieal and the two less random

6

statistical models of potato amylopectin. Mw = 35 x 10° for the three

models and for the potato amylopectin.
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obtained from Witnauer, Senti and Stern's results (12). Their
narrower distribution may be due to the overlarping of the
fractions obtained by nrecipitation of potato amylopectin with
alcohol. Or it ray also be due to the chemical bonding of

the starch rolecules around a rrotein molecule. This will be
discussed in more detail later.

An insight to the change in molecular weight from a loss
of either hich or low weipght fractions can be obtained from
Table 2. A welght-average molecular weight of 37 x 106 is
obtained from the "fractions" by rmultinlying all of the aver-
age molecular weights of the "fraction" by their cerresnonding
weight per cent, adding these calculations, and dividing by
the total percentage. T = 37 x 106 1s in close agreement
with the actual Mw of 35 x 106 obtained from the equation given
previously for the statistical model. The effect of a loss
of high or low rolecular fractions is shown in Table 3 using
the same type of calculation as described above. It has been
seen that molecules having a molecular welght of less than
one or two million have little effect on Fw.

In Tables 4 and 5 are listed some literature values for
amylopectin and glycogen. Also theoretical values for their

corresponding Mw or ¥n, assuming a statistical model, are in-

cluded in these tables. These literature values for Mn and
Mw are compared to the three models in Figs. 4, 5, and 6.

According to Kerr et. al. (13), aggregation occurs in chloro-
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Table 3. Change in molecular weight of the statistical

model from a loss of high or low "fractions"

Xn = 1500 and m = 243,000

M\Irf range of Total wt. Resulting fiw AMw x 1076
fraction lost % lost

None None 37,000,000 0.0
{162,000 L 38,000,000 +1
(1,620,000 20 43,000,000 +6
162,000,000 5 28,000,000 -9
81,000,000 14 19,000,000 -18
(1,620,000 and 25 35,000,000 -2
»162,000,000

form solutions of amylopectin acetate at concentrations around
0.5% or greater. It can be seen fron Kerr's osmotie pressure
plots that there i1s a change in direction of the experimental
curve at concentration around 0.5% and thus an extrapolation
from high concentrations would give a high molecular weight.
In general the values for amylopectln agree quite well. Ex-
cept for commercial glycogen the values for glycogen do not
agree. They probably disagree because of errors (such as ag-
gregation for osmotic pressure measurements) involved in ob-

taining ¥n and because of the extreme degradation involved
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Table 4a. Some literatur- values for weight- and number -
average molecular weights of amylopectin. Theoretical molecu-
lar welghts based on the statistical model are included.

Literature values for weight-average rolecular weights of

amylopectin.
Amylopectin v x 1078 Theor. Method
Xn
Potato (12) 36 1500 Light scattering
(12) 14 1000 Light scattering
(15) 0.92 250 Ultracentrifuge
Dent corn (16) 3 to 8 500 to 800 Ultracentrifuge
(17) 80 2500 Light scattering
(17) 43 1850 Iight scattering

Easter 1lily (18) 250 4300 Light scattering
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Table 4b., Literature values for number-average molecular

weights of amylopectin

Amylopectin Theor. Xn Method
Mw x 10'6
Potato (19) 19 1100 Dinitrosalicylate
(20) 33 1450 Osmotiec pressure
Dent corn (21) 12.8 1000 Dinitrosalicylate
(22) >20 >1200 Methylation and terminal
group assay
(13) 26 1440 Osmotic pressure
Waxy corn (21) 11.5 930 Dinitrosalicylate
Corn, wheat, 490 6200
Easter 1lily, to to Osmotlc pressure
tapioca 17,000 37,000
sago (25)
Tapioca (24) 88 2620 Colorimetric
(13) 21 1275 Osmotic pressure
Apple (25) 220 4200 Osmotic pressure
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Table 5a. Some literature values for weight- and number-
average nolecular weights of glycogen. Theoretical molecular

welghts are based on the sgtatistical model.

Literature values for weight-average molecular welghts of

glycogen.
Glycogen Mw x 10"6 Theor. Method
Xn
Rabbit ruscle, 2.8 300
rabbit, cat, to to Light scattering
fetal sheep 14.8 700
liver (26)
Rabbit liver, 2.6 300 Sedimentation, dif-
horse, rabbit to to fusion
human nuscle Z27) Lk 380
Rabbit liver 6.3 to
muscle (28) ' 18,5 (%0 to Light scattering
Rabbit, dogfish 1.0 200 Sedimentation,
hakefish, haddock to to diffusion
liver, dogfish 3.6 350
muscle (29)
Rabbit, cat liver 1 to 200 to Turbidity
rabbit muscle (30) 7 500
Rabbit liver 500 4100 Not known
fraction (31)
Rabbit liver (32) i 360 Sedirentation,
diffusion
Ascaris ;%%bgi-
coldes (2 8.8 550 Light scattering
(27) 0.77 150 Sedimentation,
diffusion
Commercial (28) 3.6 to ESO to Light scattering
5.8 20
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Table 5b. Literature values for nurber-average rmolecular

welghts of glycogen

Glycogen Xn Method

Rabbit liver (27) 3100 to 12,500 Osmotie pressure

Rabbit liver (33) 3000 Osmotic nressure
Ascaris rl-

coides (27 620 to 3100 Osmotic pressure
Commercial (13) 500 Osmotie nressure
Dog liver (13) 5300 Osmotie pressure

Dogfish, haddockS

hake liver (33 1340 to 12,000 Osrotiec pressure




Fig. 4. ILiterature values for corn amylopectin. Each horizontal or vertical line
represents, respectively, a literature value for Mn or Mw as given in
Table 2. Intersection of these lines illustrates how literature values

compare to the three models and to nclyrers forred fror. A-B units,
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Fig. 5. Iiterature values for potato amylopectin. Each horizontal or vertical
line represents, respectively, a literature value for ¥Mn or Fw as
glven in Table 2. Interseection of these lines 1llustrates how litera-
ture values compare to the three models and to polymers formed from

A-B units.
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Fig. 6.

Literature values for glycogen. (@) Rabbit liver glycogen; (+) com=-
mercial glycogen; (X) Ascaris lumbricoides glycogen. These points
representing all possible ¥n and Mw combinations of literature values
as given in Table 3 are corpared to the three rcdels for 5 and 108
degrec of branching. The 50% branched statistical model represents
Flory's (9) derivation where p, = pg = ©{ . The rodel for linear

rolyrers {condensation of A-B units) is included for comparison.
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in isolating the animal glycogen. Recently a weight average
6

molecular weight of 70.8 x 10~ was obtained for rat liver
glycogen by keening degradation to a minimum (14). Such a
high molecular weight from light scattering data agrees well

with that predicted by the statistical model.

B. A Model for the Average Statistical Molecule

1. Deyvelopment of the average statistical molecule

In order to consider what the average statistical mole-
cule will look like, we have to consider what willl be the
average dlstance between branch points in the interior part
of the molecule and the averace distance from the outer most
branches to the non-reducing end. Let us define a branch
point as a glucose unit which has a linkage at nosition 6.

Let the probabilities of forming linkages at carbon 6 and car-
bon 4 be Pg and p, as above. Starting with any of the outer-
most branch roints on any x-mer, the probability that a chain
of n units, united by 1,4-linkages, is linked to the L-
position of this outer branch point 1s pﬂ 3 that the last glu-
cose unit has a free 4-position is (1-ph); and the probability
that all the n units have their 6-position free is (l-p6)n .
Thus the nrobability that a chain selected at random will be
such a chain of length n 1is nhn (1-p6)n (1-p,).

The probability that a chain has n + 1 glucose units,
united by 1,4-linkages, and is linked to the 6 position of
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this dbranch noint 1is p6phn « And as above the probability of

finding such a chain of length n + 1 is n6phn (1-p6)n(1—ph).
With sinilar reasoning for the interior part of a mole~

cule, the probability that a chain of x glucose units is

linked to the 4-position of the branch point and that the

xth glucose unit has a linkage at its 6-position is pux

(l-p6)x"1 Pg (l-ph) or pux (1--1)6)"'1 rgpy, depending on whether

the last glucose unit has a linkage at its L-nosition. Sinm-
ilarly for a chain of length x + 1 linked at the 6-position
of the branch point we have

n* (1-;)6)"'1 pg (1-p,) or p,* (1_p6)x-1 Pg Dy
The exact probability again depends on the fate of the last
glucose unit.

If ;, >> Pgs the formation of the 1,6-linkage can be eon~
slidered as an initiation step and is not involved in the rate
of formation of the 1l,4-linked chain which grows from it.
When P = Py both chains will grow at the same average rate
from the initial glucose unit and thus thelr average length
will be the sare. When p,>Dpg, both chains will grow at the
same rate fror the isomaltose unit and therefore the chain
linked to the 6-nosition of the initial glucose unit will be
one unit longer than the chain linked to the L4-position. For
intermediate cases where ph>’p6’ the chain linked to the 6-
position will be p6/ph units longer than the other. In the
case of glycogen phjf>p6 and therefore the branch point can
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be considered as an isomaltose unit with equal average chains
growing from 1t.

If we now consider the branch point as an isomaltose unit
and neglect the fate of the 4~ and 6-position on the last
glucose units, then the above probabllities for the exterior
and interlior chains become, respectively, phn (l-pﬁ)n“1 and
phx (1_p6)x-1

or and interior chains, then x = n and the average length of

« Since Pg and n, are the same for both exteri-

the interior and exterior chains 1s the same. A model con-
forming to these specifications is shown in Fig. 7. A re-
peating unit 1s develoned for this average molecule because
(1) all average chain lengths are the same and (2) all 6~
positions are available for branching and therefore the
clustering of branch points in any part of the molecule is
unlikely.

One can also apnroach this model by considering a bh’
b6-mer of a particular x-mer. In each bh’ b6-mer there will
be by, 1,4-linkages and bg 1,6-linkages. A particular by,
b6-mer will therefore exhibit 1ts own p, and pg probabilities.
All concelvable conflgurations of a particular b, b6-mer will
exist and by the same reasoning above, the average for the
interlor and exterior chain lengths of the b, b6-mer will
be the same. The average molecule for the by, bg-mer will
have the same structure as the glycogen molecule in Fig. 7.

The mole fraction of a particular b, b6-mer will depend on
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its per cent branching and to what particular x-mer it belongs.
For a given x-mer a maximum mole fraction will be obtained
for that bh’ b6-mer which has its rer cent branching equal to
that predicted by the vnrobability Pge Starting at this maxi-
mur mole fraction, the mole fraction will decrease symmetrical-
1y in going towards more 1l,k-linkages on the one hand and more
1,6-1linkages on the other. Thus all the average molecules of
the by, s b6-mers will have thelr counterpart. By summing over
all the average molecules of the bh’ b6-mers, we arrive at
an average x-mer which is identical to the by, b6-mer having
the maximum role fraction, that is, the one having 1its average
interior and exterior chains in agreement with that predicted
by Pg* Consequently all the averare x-mers willl have the same
tyre of configuration and snacing between branch roints and
therefore an average molecule can be visualized (see Fig. 7).
If the welght-average molecular weight is obtalned experiment-
2lly, then the average statistical molecule will have a molec-
ular weight equal to this Mw. Thus the size of the average
statistieal molecule will be equal to the averare size of all
the molecules. This size will vary depending on how the av-
erage size of all the molecules is obtained, that is, ﬁh, ﬁh,
M(s,D), etc.

In order to avoid confusion the average chain length as
described above for the distance between branch points will

be called the averare branch length, and the averare chain
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length for all l,4-linked glucose units regardless as to
whether this chain has a branch on it will be called the aver-

age chain length.
2. Properties o era atistic cu

It can be seen from Fig. 7 or reasoning that exactly 50%
of all the glucose units in a statlistical model will be in
the exterior branches. If a molecule has 5% branching or an
average chain length of 20, then one glucose unit in 20 will
have a linkage at carbon atom 6. If one considers only the
outside branches, each perinheral branch point is associated
with two outside branches containing a total of 20 glucose
units, That is, in removing the outside tier of branches,
all of the 20 units must be removed in order that the remain-
ing dextrin will have the same degree of branching.

Since the branch length starting at the reducing end of
the molecule would be equal to only 1/2 the average chain
length, in Fig. 7 it has been extended in order to make this
branch length equal to the average chain length. When this
is done the small glycogen molecule as nictured in Fig. 7 will
have exactly 50% of the units in the outside tier, the same
as in a large molecule.

Consider now an infinitely large statistical molecule.
If all of the 1,6-linkages are cleaved but all of the 1,h-

linkages are not, what will be the number-average degree of
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polymerization for the resulting linear molecules? FEvery
branch point will yield a single chain. Consequently, the

;ﬁ of the resulting chains will be equal to the number of glu-
cose units divided by the number of non-reducing ends. The
degree of branching is the reciprocal of the average chain
length. The average chain length 1s thus experimentally ob-
tainable fro;r the per cent of branching.

Further verification of this can be made using the aver-
age statistical rolecule. Let us assure that the 1,6-linkages
are cleaved tier by tier starting with the outside tier and
working inward. It may be seen that 50% of the glucose units
are on the outside tier and 50% of these are connected by a
1,6-1inkage. Thus (1/2)2 of the total number of original
units would be removed the first time, (1/2)3 the second and
so on. The first chains removed will be equal in length to
the average branch length, L, the second cleavage will give

chains equal to 27, and so on. Solving for Eﬁ we have

(1/2)%y L + 2(1/2)3y L+2(1/gly + .o e s

xn (1/2)2y + (1/2)3y + (1/2) Y + ¢ o o o
where y, the number of units in the original molecule, is in-
definitely large. Thus oo
L E(n—l)(l/Z)n w2 & )l
T - n=1 = n=1
*n o =S
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where a = 1/2
and we have ;ﬁ = TT%ET = 2L = the average chain length of the

molecule. If amylose were obtained by just cleaving the 1,6~
linkapes, then its Eh would be 20 for 5% branching instead of
the experimentally deterrined value of 200 or more. Conse-
quently, if glycogen is converted into amylopectin plus amy-
lose by debranching part of the glycogen, there must be some
mechanisrm by which these debranched chains can be connected
together in 1,4t-linkages.

Bourne and Peat (3%4) proposed that glucose-l-nhosphate
is converted by phosphorylase to an intermediate having an
averare chain length of 20 units. Thils intermedlate designated
as pseudo-amylose was canable of being converted into either
amylose by further use of phosnhorylase or into amylopectin
by means of an enzyme which would link the pseudo-amylose
chains together through l,6-linkages.

Following this propnosal, the mechanism of the branching
enzyme has been clarified showing that such a mechanism for
the production of amylopectin and amylose 1s imvossible (35,
36). However, if one considers the reverse of the above de-
branching mechanisrm for the conversion of the statistieal
molecule into short chains, then these chains would resemble
the pseudo-amylose interrediate. If arylopectin were formed
from pseudo-amylose as postulated by Bourne and Peat, the

outside branches would contain 61% of the total units in the
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branched molecule. This would give an improbable localization
of the branch units. The exact reverse of the above debranch-
ing reaction would call for either a corplete equilibrium of
all the pseudo-amylose chains or the nroduction of an irrevers-
ible highly ordered system. Most 1likely, the longer amylose
chains would aggregate and preciritate fror the mediur before
complete equilibrium could be established. Therefore it 1s
pointed out that without regard to the mechanism of the
branching enzyme, the nseudo-amylose interrediate could not

be converted into an amylopectin or glycogen of the statistical

type.

C. Enzyme Synthesis and Breakdown of Starch
1. [o) ties of bran ng and debra ng e es

A branched polysaccharide can be produced by the mixing
of glucose-l-phosprhate, phosrhorylase, and a branching enzyme
(37). Without the branchinr enzyme a linear 1l,4-linked poly-
mer resembling amylose is produced. The extent of branching
depends on the relative activity of the branching and phos-
rhorylase enzymes, a greater per cent branching resulting
from an increase in the relative activity of the branching
enzyme. These enzymes have the same reaction patterns re-
gardless of the plant or animal source. However, they may
differ slightly as to the size of the substrate that will re-
act with the enzyme (37, 38). The mechanlism of the conver-




,,,,,,

39

sion of glucose-l-phosphate is shown below (37). The Q-
enzyme represents any branching enzyme.

—A) + Q-enzyre (B)  Q-enzyme + _ (C)y
(B)

(B) Q-enzyme + 522. = D + Q-enzyme

The (A) arrow represents the linear chain nroduced by phos-
phorylase or an already formed branched polyrer. The arrow
on each chain represents the reducing grovp. The (C) arrow
represents the resulting dextrin after the reroval of the
linear chain (B) by the Q-enzyme. The chain complexe: with
the branching enzyme is then connected to the substrate (D)
by an  -1,6-linkare. The receptor molecule (D) may be either
(C), another linear chain, or a branched product formed ear-
lier. The size of the receptor rolecule ls not important but
it must have X -1,4-1inked glucose units and cannot be cyclic.
The branching enzyme 1s therefore¢ a transglycosidase and
requires no phosphate as 1s required by the phosvhorylase en-
zyme. Larner (39) proved this mechanisr beautifully by the
use of radioactive glucose units. Under the conditions so
far studied the branching enzyme does not seen to be reversible.
However, Petrova (40) has found a branching enzyme in
rabbit muscle which she claims 1s reversible.

Two types of debranching enzymes have been found (41).
Both are irreversible and do not require phosphate in thelr

mechanism. The R-enzyme obtaines from the potato and broad-
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bean can hydrolyze the external branches of amylopectin as
shown by the inerease in the /?-amylolysis limits of amylo-
pectin or /f-dextrin after treatment with the R-enzyme. R-
enzyme cannot hydrolyze the external branches of glycogen

and therefore a steric effect 1s associated with the de-
branching of branched polysaccharides. Iso-amylase ("Amy-
losyn thease") 1s a debranching enzyme found in Brewer's yeast
and its action is similar to that of the R-enzyme. A second
type of enzyme, amylo-X-l:t6-glucosidase, can only remove
single glucose units that are connected by an o =-l,6-linkage

to amylopectin or glycogen.
2. Proposed theo for the £ tion o arch m coge

Now that the important enzymes dealing with starch syn-
thesls and breakdown have been reviewed, a postulation on
how amylose and amylopectin may be nroduced from glycogen
will be made. As noted above a mechanism must account for the
large size of the amylose molecules since debranching of gly=-
cogen ylelds only small chains. Also since the 1,6-linkage
is more stable than the 1,4~linkage (37) and the converslon
of glycogen to starch 1s a conversion to a less random state,
energy is required to form starch from glycogen. The following
mechanism is therefore postulated:

glycogen + DE-P —>» DE-Gx + amylopectin~P

DE-Gx + Gn — G(n + x) +DE
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DE + ATP -— DE-P + ADP
or the overall mechanism would be

ATP ADP

glycogen + Gn amylopectin-P+3(n+x)

DE-enzyme
The phoaphorylated debranching enzyme, DE-P, transfers its
phosphate groun to the branch noint of the glycogen molecule
and simultaneously becomes linked with the aldehydic group of
the branch. This phosphate attached to the glycogen may be
removed by a phosrhatase if not sterically hindered to this
enzyme. The corplex DE-Gx between the enzyme and the de-
branched chain would be similar to that enzyme complex involved
in the branching of glycogen. The DE-Gx conplex can then
transfer its chain to the non-reducing end of the receptor
group Gn., The debranching enzyme after being phosphorylated
by ATP can again attack a debranched glycogen or attack another
glycogen molecule. It should be rememhered that the average
statistical molecule is an average of all of the possilble
configurations and a molecule having this configuration would
be present only in very small amounts. Therefore some ex-
terior and interior branch points will be more susceprtible to
the debranching enzyme because of the varlation in distance
between branch points. Postulates regarding this debranching
mechanism are:
1. The debranching reaction would have to be irreversible in

order to avoid addition of Gx to the many available 6-positions.
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2. The glycogen molecule may be attacked more than once by
the debranching enzyme.

3. Amylose reaches an optimum chain length as a receptor
group. This ontimur would depend on the average branch length
of the glycogen precursor.

4. The transfer of a unit which has branches might result in
the immediate debranching of this transferred unit because 1ts
removal from the parent glyecogen would make its branch points
more susceptible to attacke.

5« The receptor group, Gn, must have an available non-reducing
glucose group and could be of any slze, glucose or maltose
belng the lower limit.

6. The receptor group would most likely be an unbranched mol=-
ecule because of the steric hindrance involved in branched
molecules. The lower the degree of branching, the greater 1s
the probability of having long external chains. Therefore
less highly branched glycogens would more likely act as
receptor grouns.

7. Steric hindrance such as displayed by the R-enzyme (l41)
would result in an attack by the DE-enzyme on the most sus=-
ceptible branch points,

8« Glycogens that have low degrees of branching will have
more susceptible branch roints. Thus they will be debranched
more randomly than the more highly branched glycogens. The
more highly branched glycogens will therefore be more asym-

metric.
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9. Debranching produces longer external and internal chains.
10. The spherical and symmetrical glycogen molecules will be
transferred into asymmetric amylopectin moleculese.

11, Phosphate is left at carbon atorm 6 of a glucose unit in
the amylopectin rolecule or in any amylose molecule when an
internal branch 1s reroved. This nhosphate may be removed
by phosphatase if not sterically hindered to this enzyre.

The production of longer and less sterically hindered
chains giving asymmetric amylopectin molecules as postulated
above would enable amylopectin to crystalize out of solution
more readily than the original glycogen. In order to obtain
a starch such as waxy maize one would have to have:

l. A lower degree of branching in the parent glycogen;

2. Relatively few acceptor groups in the rniediur in comparison
with the available non-reducing ends of the parent glycogen;

3. A low activity of the debranching enzymes

4, A debranching enzyme such as the R-enzyme instecad of the
DE-enzyme. By increasing the number of acceptor groups, such
as maltose, the waxy mailze endosperm should be able to pro-
duce amylose. One could produce rore acceptor groups elther
by adding more glucose-l-phosrhate or by inhibiting the pro-
duction of glycogen and increasing the nroduction of small
acceptor groups. Amylose has been nroduced by waxy malze endo-
sperm (42, 43, 44), Therefore (4.) would seem to be incorrect.
In agreement with the above, 1t appears that starches which
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have a low per cent of amylose have longer exterior chains
45).

Let us now consider the change in properties of the gly-
cogen molecule after being debranched uging the average sta-
tistical molecule as represented in Fig. 7. In doing this,
two extremes have been considered. In the first case all of
the external branches have been reroved. In the second case
one large internal branch and one external branch have been
removed (those branches circled in Fig. 7). The small external
branch is included in order to give an equal yleld of amylose
for the two cases. Table 6 compares the changes in pronerties.

If the per cent branching of the glycogen is high, there
will be greater steriec hindrance for the debranching enzyme
and one would expect the prorerties of the amylopectin to be
similar to the second case where an internal branch noint is
attacked (see postulates 7 and 8). If the per cent dbranching
is low then the external branches are more available for de-
branching. An amylopectin having few branches would have
properties resembling the first case where all the external

branches are removed.

3¢ Examination of 1imit dextrins in )ight of propoged theory
(a) Literature values for limit dextrinsg. The,4?-

amylolysis limits for various amylopectins and glycogens as

reported in Manners' review (41) are listed in Table 7 and
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Table 6. Changes in properties of the average statistical

molecule after partlial debranching

Original All external Interior
branches branch
glycogen removed removed
Per cent units
removed and
converted into o] 25% 25%
amylose
Per cent
branching 10% 6.67% 9.16%
Average
external
branch length 5 10 545
in glucose
units
Per cent
glucose units 50% 66.7% 50%
in external
branches
No. of
phosphate
groups per 100. o] 5 1.67
glucose units
Postulated sphere small large

asymmetry asymmetry asymmetry
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Table 7. Experimental” and predicted (5-amylolysis
limits for amylopectin

Amylopectin Per cent Average ’Jf-limit Maximum

source branching branch predicted
length _f -limit
Easter 1ily 347 13.5 60 46.3
Potato 3.7 13.5 59 4643
Barley 3.85 13 59 L4642
Maize 4,0 12,5 63 46.0
Waxy sorghum 4,0 12.5 52 46,0
Wheat 4.35 11.5 62 45,7
Tapioca 4,35 11.5 62 45,7
Sago L4.59 11 62 L45.5
Waxy maize L.55 11 53 4545
Malted barley 5.7 8.75 Lk 44 .3

*
Data obtained from Manners (41)

Table 8. The predicted /ﬂ?-amylolysis 1imits for the glyco-
gens and amylopectins assuming each behaves as a statistiecal
model are also listed in these tables. In the above discus-
sion on the properties of the average statistical molecule,

i1t was nointed out that 50% of all the units make up the ex-
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»
Table 8. Experimental and predicted /5-amylolysis
limits for glycogen

Glycogen Per cent Average f=limit Maximum
source branching branch predicted
length _f=1inmit

Rabbit liver 50 55 9.0 53 l'l" . 5
Mxtf%ui

edulls 5088 8.5 )"|’7 "")"‘02
Brewer's

yeast 7.7 6.5 LY 42,3
Rabbit liver 8.0 6.25 43 42,0
Helix pomatia 14.3 3.9 37 35.8
Baker's

yeast 8434 6.0 50 41.6
Sweet corn 1 8+35 6.0 47 41.6
Sweet corn 2 9.1 5e5 45 36.8

‘Data obtained from Manners (41)

ternal branches. This 50% includes the isomaltose unit. The
predicted /S -1imit is then equal to

erage n len -2
average chaln lengt x 50%

This is an upper limit since the chaln will not be completely
removed (46, 41). The actual /J?-limit for the glycogens 1is
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slightly higher than this predicted limit but the difference

is ruch greater for the anylopectins. Baker's yeast glycogen
behaves as an ellinsoid with an axial ratio of 8:1 (47). Mussel
glycogen behaves as a flat ellipsoid (48, 49, 50, 51). As

noted above a debranchlng enzyme has been found in Brewer's

yeast (41). It 1s therefore quite possible that the glycogens

do not behave as a statistical riodel because they have been
8lightly debranched. Baker's yeast glycogen seems to be the only
one that has been extensively debranched. The high‘£7-amy1ase
conversion limits with sweet corn glycogen may be due to the
presence of arylose and a slight debranching of the glycogen. As
in the case of Baker's yeast glycogen, the high yield of maltcse
in the‘/g-amylolysis of the amylopectins can most logically be
explained as due to the debranching of the amylopectin.

It can be shown that the maxirum branching of the parent
glycogen is 6% if the branching of the amylopectin is 4#%. There-
fore the amylopectins in Table 7 would be derived from glycogens
having a lower degree of branching than the glycogens in Table 8.

If one corpares the extensively debranched Baker's yeast
glycogen and the amylopectins, it is seen that thg/étamylolysis
1imits behave as predicted in Table 6 and its discussion. Be-
caugse of thelr low per cent branching and 1ow/;?-amylolysis
limit, waxy maize and waxy sorghum appear to have been debranched

to a lesser extent. This would indicate a lower activity of the




49

debranching enzyue and therefore conforms to the previous rea-
soning in explaining the absence of anylose in waxy starch.

Cori, et. al. (52, 53), examined the fraction of glucose
units in the four outer tiers of glycogen and the three outer
tiers of arylopectin by the alternate action of phosphorylase
and amylo- X-1,6-glucosidase. An examination of their results
on glycogen shows that each new external tler anproximately
doubles the nolecular weight as would be rredicted by the
statistical rodel. Only the external tiers of amylopectin
are longer than those nredicted by the statlstical model.

It should be noted that the rolecular weight can not be
obtained solely from such data. Glycogen and amylopectin have
very broad distributions and therefore it would be l:ipossible
to tell when the last tier corresponding to the correct Mw
had been reached. One could assure an infinitely hirh molec-
ular welght and the same results would be obtained. Examina-
tion of the change in molecular weight would, however, add
more evidence that this welght average molecular weight ob-

tained by other means 1s correct (1%, 17).

(b) Theories developed to account for literature values.
Two mathematical treatments, one Ly Beckmann (5%) and the other

by Myrbick and S111én (55), have been developed to account for
the results of Larner, et. al. (52), and for therJf-amylolysis
limits. Beckmann concludes that in wheat amylopectin the frac-~
tion of "Q-chains" is 0.63 in the first tier (fl) and 0.32 in
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the second tiler (fa); for corn the fractions are 0.52 and 0.53.
Consider A below, in which one exterior branch of a statistical
r.0lecule has been removed by a debranching enzyme. The black
cireles and horizontal lines represent glucose units connected
by 1,6-linkages and by l,4-linkages, respectively. Let A be
degraded by ~hosphorylase givirg B (fl = 0.57), then by X-1,6-
amyloglucosidase giving C, and agaln by phosphorylase giving

D (f2 = 0.33). It appears that a selectlvely debranched statis-
tical molecule could have f-values of 0.5, » 0.5, or £ 0.5 for
any of the tiers. The observed deviation of fl and f2 from

the ideal value of 0.5 points to a steric hindrance or selec-
tivity in the debranching mechanism. The tiore highly branched
polysaccharides give the greatest deviations from 0O.9.

-~- o_
C:':: e .— ry
_ O e = —%-ee I S

— e -

Kyrbick and S1114n (55) constructed an infinite statis-
tical model for glycogen based on the condensation of glucose
units and isomaltose units. It was shown above that the

branch noint in our statistical model can be considered as an
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isomaltose unit. Thelr statistical model for the reversible
synthesis of an infinite network therefore agrees with our
statistical model. They concluvded that in some cases the
lengths of the external chains based on/ﬁ? -amylolysis linits
were too long but 1n others glycogen behaved as if it is
produced by a reversible synthesis. Amylopeetin was in
greater disagreement with their reversible synthesis than the
extreme glycogen cases. This is in accord with the discussion

of /6 -amylolysis limits presented above.

L, Iiterature support for cogen as an intermediate in

gynthesis of starch

Points 1-14 below can be considered as support for the
reactions:
glucose-l-phosphate amylopectin

— glycogen —3p»

or sucrose + amylose
In some cases it has not been established whether sucrose is
converted into starch direetly or via glucose~l-phosrhate (42).
The points supporting the proposed synthesis of starch will be
discussed as they are brought up.
1. A generally distributed unorganized polysaccharlide that
stains red with iodine was found to be forred before starch
in sugary waxy and sugary, high arylose starch endosperms (43).

Amylose stains blue with 1odine. Therefore such evidence
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points toward the formation of a highly branched polysac~
charide such as glycogen followed by the formation of amylose
and amylopectlin.

2. Using radioactive 1"c02 for the production of starch in
potato tubers, Badenhulizen and Dutton (56) found that the
cytoplasm became active first (mostly due to sucrose), then
at an intermediate stage aryloplasts became highly active,
and finally the outer layers of starch granules slowly became
active. This would correspond to the above mechanism if the
amyloplasts are considered to contain glycogen.

3. A water soluble branched polysaccharide has been found in
sweet corn. It has essentially the same nroperties as animal
glycogen (57). It was thought previously that this glycogen
was also composed of an intermediate (phytoamylose) (58)
which had the properties of a slightly branched amylose mole-
cule suggesting that amylose 1s nroduced first in the synthesis
of starch. Later it was shown that vhytoamylose 1s a mixture
of amylose and the glycogen (59). The presence of this glyco-
gen suggests that the above mentioned intermediates are also
glycogens.

4, Wolf, et. al. (60), found that sweet corn starch granules
lie embedded within globules of this glycogen. This suggested
to them that glycogen acts as an intermediate in the synthesis
of starch.

5. As little as 5 or 6 per cent amylose was found in immature

starch granules (60). Mature starch granules have around 25
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per cent amylose. As pointed out by Wolf, et. al. (60), one
would expect the reverse of this if amylopectin 1s produced
from amylosee.

6. The oriming activity of the straight 1,4-linked glucose
chain for potato phosphorylase reaches an optimum at about

20 glucose units (37). If amylose were produced first, it
would seem that the optirum priming activity should be at
least 200 glucose unitse.

7. The ratio P/Q, the phosphorylase aectivity divided by the
Q-enzyme activity, 1s less in dent than in waxy for samples
obtained 12, 16, 20, and 25 days after pollination (61).
Mature dent has 4,04 branching and mature waxy has L4.5%
branching. One would expect the opposite of this from the
above. However, as pointed out in Table 6, the per cent branch-
ing of the amylopectin is lower than its parent glycogen.
Mature waxy has no amylose; mature dent has approximately 25%
amylose. Frorm a rrevious discussion on waxy, it was concluded
that waxy 1s debranched to a lesser extent. Therefore the
lower rer cent branching in the dent amylopectin is probably
due to a greater debranching of 1its narent glycogen.

8. By using iodine staining tests it was shown that incubated
endosperm tissue of waxy maize produced amylose and the young-
est leaves of Scilla ovatifolls Bak. nroduced a red-stalining
starch under the same conditions (42). Normally, waxy stains

brown and Scllla stains blue due to its amylose. Production
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of amylose by waxy malze under similar conditions was also
noted by Fuwa (43). Apparently these results were brought
about because of a change in the number of acceptor groups

for the debranching enzyme. The red-staining starch in Scilla
may either be due to the non-reducing ends or to shorter amy-
lose chains acting as acceptors as in waxy.

9. In some cases it has been found that waxy maize starch
granules stain blue at the nucleus of the granule. Lampe found
that cells in the central region of the cap of waxy kernel
contain granules without blue staining center spots but that
blue staining center srots inerease in size with distance away
from this region (L4k). It therefore appears that the amylose
in the center of the waxy malze granule is due to a variation
in the amount of aeceptor groups when the waxy granule 1is first
being formed. !More moisture would be lost at the cap of the
kernel. This variation in loss of molsture i:ay change the

cell conditions and thus bring about the above resultse.

10. The diurnal variations of the ecarbohydrates in the leaves
of corn have been studled. It has been found by different
workers that the maximum sucrose content is reached at 4 p.m.
(6, 62, 63), the maximum content of mediur. size cold water
soluble dextrins at 4 penie and 7 pere (62), and the maximum
starch content between 7 p.rs and 1 a.m. (63)s If the dextrins
that are soluble in cold water are considered as glycogen,

then synthesis of starch occurs as indicated above.
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11. There is no diurnal change in phosphorylase (64). There-
fore the above sequence of carbohydrates 1s not due to a varia-
tion in the nhosrhorylase activity.

12, Phosphate is cherically bound to carbon atom 6 of the
glucose units in arylopectin (65) but is not chemically bound
to glyecogen (48). This agrees with the i1dea that the synthesis
of starch from glycogen involves the simultaneous transfer of
a branch to the DE-enzyme and a phosphate group to the amylo-
pectin.

13. Phosrhate 1s located on glucose units at the linear parts
of amylopectin (66). This agrees with the nroposed reactions
since those branches removed would be less sterically hindered.
14, Waxy raize has less nhosnhate bound to its starch than
dent corn starch (67). This, however, may be due to the pres-
ence of more phosphatase instead of less debranching.

The above points have been internreted in light of the
proposed theory and other reasons may be given for these facts.
However, these noints can be explained by the propeosed theory.
The theory that amylose 1s converted into arylopectin cannot
exrlain all of these points. It would seer imrossible that
glycogen with its almost spherical shape and short external
branches, anylopectin with its large asymmetry and long ex-
ternal branches, and the linear amylose molecule could be

synthesized by the same tyve of enzymes in the same cell and
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in the same vicinity in that cell without having any correla-
tion in their synthesis.

The predicted amount of phosphate attached to the amylo-
pectin 1s ruch greater than that found (67). Phosphatase is
present in some starch synthesizing cells but there appears
to be no simple relationship between phosrhatase and starch
synthesis (42). Therefore the lack of a sufficient amount of

rhosphate on starch cannot be readily explained.

D. Experimental

1. Isolatjon of corn and notato starch samples

The variety of corn plants used including thelr endosperm
geneology were Seneca Chief sweet corn gu,, Suy, S¥y, Wx, Wx,
Wxs; Iowa 4297 dent corn Su;, 8u;, Su;, ¥Wx, ¥x, Wx; Iowax 5
hybrid waxy corn Su;, Su;, Su;, WX, WX, WX. The sweet, dent
and waxy varietles were hand pollinated, respectively, on July
20, 25, and 24 in 1955. All the sarples of a given variety
were nollinated at the same time. Samplings were made on all
varieties on the 13th morning, 13th night, 1kth morning, 20th
morning, 20th nipght, and 2l1st morning after pollination and
mature samples. The immature kernels werc collected between
5345 and 6:30 in the morning and between 5:45 and 6:30 in the
evening. Each ear was first husked while on the plant, then
picked, and then immediately shelled with a knife and frozen

on solid carbon dloxide in order to keep enzyme degradatlion
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to a minimum. All immature samples were kept frozen on dry
ice until they were processed for stareh (no longer than four
days after picking).

In order to study the effect of water evaporation from
the kernel, some samples that were picked on the 13th morning
and 20th morning were (1) covered with cellophane bags and
(2) husked about the third or fourth day after pollination.
Two cellophane bags, tied on by an elastlc band, covered the
ear. The outer bag contained a small armount of water in order
to retard evanoration. These samples were collected as above.

The starch was isolated from the kernels in a room held
at 4°C, The frozen kernels were ground with a smrall amount
of iced distilled water (60) for 3 minutes in a Waring Blendor.
The slurry was screened through a number 17 nylon bolting cloth.
The magma was then squeezed as dry as possible. The press cake
was ground for another 3 minutes with fresh water, then
screened as before. The comblned extracts were centrifuged
in an International centrifuge. I!Mlcroscopic examination of
the separated granules indicated negligible granule damage.
The gluten in the starch was reroved according to the method
of Schoch (68). The above starch-gluten mixture was shaken
with a 20% Pentasol mixture for three or four 15 minute peri-
ods. Each reriod was followed with centrifuging, discarding
the supernate, and adding fresh 20# Pentasol solution. The
final starch was washed with 957 ethanol and Soxhlet-
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extracted for 48 hours with 95% ethanol to remove the associ-
ated fatty acids. The starches were then air-dried and kept
in closed containers. The mature samples were isolated in
the same way without 502 treatment.

Certified Irish Cobbler notatoes were planted 6/1/55 in
three plots which had been equally fertilized and were located
3 to 5 feet apart. Four nlants were planted in each vlot.

In the first nlot the nlants were exposed to natural sunlight
throughout the day and to a fluorescent lamp at night. The
light was held a few inches above the nlant and was turned
off for two hours each night. The second nlot was exnosed

to the regular diurnal variations in light. The third plot
was shaded so that the plants were expvosed to sunlight for
approximately two hours every afternoon. The potatoes grown
in the shade were fewer in number but comparable in size to
the normal notatoes. The potatoes grown under the light were
quite small in size.

The mature notatoes were ground in a meat grinder. Water
was added and the starch slurry was passed through number 17
nylon bolting cloth. The same procedure as described above

for separation of protein and fat was then followed.

2. Iodine titrations of starch samples

The per cent amylose in all the samples was determined

according to the method of Lansky, Kooi, and Schoch (69) which
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is a modification of the method by Bates, French, and Rundle
(70). The data, however, was granhed in a different manner,
A plot of mge. of iodine bound per 100 ng. sample versus the
logarithm of mg. of free iodine per 100 ml. of solution was
made. The intercert of the two lines gives the mg. of lodine
bound per 100 rg. sample.

All of the samples were corrected for roisture content
by drying rerresentative samples in a vacuum oven at 60°C
until constant weight had been obtained. It was assured that
the amylose in all of the starches hound 19 mg. of iodine per
100 mg. samnle. The per cent amylose in the starch was cal-
culated from this. The small error involved in this assump-

tion will be an absolute error in all of the resultse.

3. Results on iodine titrations and yleld of starch samples

(a) Corn starch samples. As described above, three
samples for each varlety of starch were nicked 12 hours apart
starting with the 13th morning. Three more samnles which
were also 12 hours apart were plcked starting with the 20th
morning, one week later. The per cent arylose obtained from
Figs. 9-1% and yields on a dry basis of the defatted sweet,
dent, and waxy samples are listed in Tables 9, 10, 11, 12,

13, and 1k. Yields were expressed as grams per ear since this

gives roughly the amount of starch ner plant.




Table 9.

Comparlison of experimental and predicted diurnal variations in per cent

amylose assuming daytime production of amylose for immature dent corn starch

From weekly

ylelds-2nd
order reaction order reaction

17.90 + .06
20.1 + 1.5
18.60 + .06
22435 % 35

30.0 + 2.2

Sample Per cent Predicted per cent assuming arylose 1is nroduced during the
amylose daytine and arylopectin during the night
in From daily Frorm weekly From weekly
sample yields yields-0th yields-1st

order reaction

13th

morning 17.90 17.90 + .06 17.90 + .06 17.90 + .06

13th

night 17.90 22,1 + 1.6 23.3 + 1.7 21.2 + 1.5

14th

morning 18.70 18.7 3 .06 18,60 b 06 18.60 + .06

20th

20th

night 23.15 27.4 + 2,0 24,8 + 1.8 26.1 + 1.9

21st

morning 23060 23060 i 035 23005 '_" 035 23005 i 035

23.05 * «35

09



Table 10.

Comparison of experimental and predicted diurnal variations in per cent

amylose assuring daytire production of arylose for immature sweet corn starch

Sample Per cent Predicted per cent assuring amylose is nroduced during the
amylose daytime and amylopectin during the night . o
in From dally From wveekly From weekly From weekly
sample ylelds yields-Oth yields-1st yields-2nd

order reaction order reaction order reaction
13th

morning 16.05 16.05 + 1.0 16,05 + 1.0 16.05 + 1.0 16.05 + 1.0

13th

night 18.10 2he5 + 241 26.5 * 2.3 20.1 #*1.7 18.1 + 1.6

14th

20th

morning 23.05 23.05 + M40 23,05 + W40 23.05 + k4O 23,05 + 40

20th

night 22,50 33.4  + 2.3 26.1 + 1.8 28.0 + 1.9 37.4 + 2.5

21st

morning 22490 22,90 + 40 23.80 + W2 23.80 + 42 23.80 + 42

19
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Table 1l. Twelve hour period yields for dent corn starech
and their iodine binding capacities
Sample No. of Starch yleld % starch Mg, I,
ears (dry, defatted) produced bound
in grms rer ear during per 100 mg.
da e sa
13th morn 10 6.67 3.40
13th night 10 6.27 -19.6% 3.40
1kth morn 10 8031 3055
20th morn 12,60 4,29
20th night 3 11.86 17.6% 4.40
21st morn 3 12.97 4,48
Table 12. Twelve hour period ylelds for sweet corn starch
and their iodine binding capacities
Sample No. of Starch yield 4% starch Mg. I,
ears (dry, defatted) ©produced bound
in grs per ear during per 100 mg.
daytime sample
13th morn 11 1.16 3.05
13th night 11 1l.33 29,84 3.50
14th morn 11 1.73 3.48
20th morn 3 5476 4,38
20th night e 5,98 5+59% 4,28
21st morn 9.70 %.35
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Table 13 Twelve hour perilod ylelds for waxy corn starch

Sample No. of Stareh yield % starch
ears (dry defatted) produced
in gms ner ear during
daytime
13th morn 8 3027
13th night 8 o6 <34.29
14th morn 8 215
20th morn 2 26.
20th night 2 30. 36.3%
21st morn 2 38.0

Table 14. Results on per cent amylose for

bagged and husked ears of corn

Variety Dent Dent Sweet Sweet  Vaxy Waxy
Days after

pollination 13 20 13 20 13 20
Husked 17.7 24,1 16.7 21.9 1.1 .87
Bagged 12.5 19.6 12.7 15.2 3.1 <84

Control 17.9 22 o""‘ 16.1 2301 «92 .68
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Calculations were made assuming that amylose is produced
during the daytime and amylopectin during the night since most
of the starch is produced during the night and most of the
stareh consists of amylopectin. By subtracting the 13th morn-
ing yield fror the 1hth morning yield, the amount of starch
produced in one day per ear is obtained. tultiplying this by
the fraction of amylose in the 1l4th morning sarple which was
found by lodine titrations, we obtain AAl, the number of grams
of arylose nroduced 1n one day. MNultiplying the 13th morning
yleld by its corresponding fraction of amylose gives us Al3,
the number of grams of arylose in the 13th norning sample.

The total number of grams of amylose produced by the 13th
night will then be this weight plus the welght of amylose pro-
duced during the 13th day. The predicted rer cent amylose

for the 13th night assuming only amylose 1s produced during
the day is then equal to

Aol + Al3 - -
13th morning starch yleld + AAl x 100

This predicted nercentage was not obtained using the 13th night
yleld because of the small increase in yleld during the day-
time. The 20th morning and 2l1st morning data are treated in
the same manner. The results are listed in Tables 9 and 10
under the heading "from dally ylelds".

Sirmilar calculations are made from weekly ylelds because

of the possibility of a large error in the dally ylelds. Cal-
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culation of the amount of starech produced during the 13th day
and during the 20th day were made assurming zero, first, and
second order production rates of starch. The rate constants
were obtained using three points: the 13th morning to the

20th morning; the 13th night to the 20th night; and the 1lkth
morning to the 21lst morning starch ylelds. The daily increases
were then obtained fror the calculated rate constant using the
13th morning and the 20th morning yields as the inltial

yields. The weekly increase in per cent amylose was obtained
by using the same three roints described above. The dailly
increase was calculated from this assuridng zero order kinetics.
Only a small error 1s involved in this assumption because of
the small weekly increase in per cent anylose during this
period.

We now have the predicted daily yields for the 13th and
20th day ssmples and the predicted ner cent amylose for the
14th morning and 21st morning based on weekly increases. The
same type of calculatlons as made above using the dally ylelds
are then repeated. The results fron the weekly ylelds are
listed under thelr assured rate of reaction.

The arithmetical mean was used 1in all cases to find the
average result and the standard deviation to find the error
in this result (71). The error in the yield was calculated

assuming that
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20th norn. yield _ g%;%_g;gE%_xlg%g - %&g&_ﬂg;g;_xgg%g =K
13th morn. yleld 13th night yield th morn. yleld
where K is equal to a constant. The error in each of the
ylelds was taken as being equal to the error in K. The cal-
culated error for the results obtained fror the weekly ylelds
assumes that in each case the order of reaction holds. The
rredicted per cent amylose and its relative error along with
the exrerinrental per cent amylose are listed in Tables 9 and
10. This error is only relative because the iodine adsorption
capacity for pure amylose was considered as 19 in all casese.
It was also assured that any rroteiln irpurities rresent in the
starch bound 1odine to the sare extert in all the starches.

Fror Tables @ and 10 it 1s seen that the rnredicted increase
in amylose during the daytime is much higher than that actu-
ally found. Therefore it is conclvded that amylose and amylo-
pectin are not produced serarately during this timre reriod.
This conclusion cannot be made for other dlurnal variations.
However, since these other diurnal variations are less severe,
the above results are in harrony with the postulate that am-
ylose and amylopectin are nroduced et the sare time from glyco-
gen,

The results on the percentage of starch produced during
the daytire zre given in Tables 11, 12, and 13. It is seen
that most of the stareh 1s produced during the night. This

is in agreement with the results obtained for the diurnal
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variation of starech in the corn leaf (63). Because both are
produced during the sare period, the production of starech
during the night 1s not due to a delayed translocation of
sucrose.

The results on the per cent anylose for the bagged and
husked sarmples along with the control values are listed in
Table 14. The husked samples show no marked variation from
the control. They were, however, exposed to the sunlight and
their nericarps became extremely hard. This may have nrevented
a ranld loss of moisture. The ner cent amylose in the bagged
gsamples for dent and sweet corn are much lower than the rner
cent amylose 1in the control samples. The ner cent amylose
in the 13th day bagged waxy s-mnle is much higher than the
control. This sarple stains blve with 1odine while the con-
trol stains brown. The blue color intensity is about the same
as that found in the immature dent and sweet corn starch
samples. There 1s a nossibility that the amylose is due to
impurities fror the ovary or pericarp. However, such impuri-
ties should also manifest themselves in the husked and control
samples.

This per cent amylose increase in waxy and decrease in
dent and sweet is similar to the results found by Badenhulzen
for Scilla and waxy endosnerm tissue which were described
nreviously (42, 43). Both the decrease and increase in per

cent amylose may be attributed to an increase in receptor




68

groups. In sweet and dent an increase in the number of re-
ceptor groups would lower the molecular welrht of the amylose
and therefore its iodine binding capacity. In waxy the in-
erease in receptor groups would make it possible for the de-
branched chains to form anylose instead of adding to the non-
reducing ends of the amylopectin.

Since the ner cent amylose increases with maturity, the
smaller amount of amylose in the bagged ears of dent and sweet
may be due to retarding the grawth of the kernel. Therefore
the above point 1s open to critiecism. However, 1t does sug-
gest how amylose can be nroduced by waxy malze and how

Sc¢illa produces no detectable amylose.

(b) Potato starch samples. The samples which were ex-
posed to a light at night had 20.25% amylosej those in the

shade had 21.65% amylose; and the control samnles had 20.95%
amylose. All of the sarple slzes used in the iodilne titra-
tions wer. within 0O.4% of each other. The moisture in all of
the samnles was determined under the same conditions at the
same tine. Therefore any large error will be an absolute er-
ror and not a relative error.

The occurrence of small tubers in the plants exposed to
a light at night indicates that starch was not produced during
this period, but the si1gars normally used for this purpose
were used for plant growth. If amylose is produced during

the daytime, one would expect a greater percentage than that
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found for this sample sirce production of arylopectin during
the night 1s hindered. If on the other hand the small tubers
are due to the production of amylose instead of amylopectin
during the night, one would again expect an increase in the
per cent amylose. Thus the percentages in these samples

indicate that amylose is not produced during the daytime.

L, Determination of alkali and ferricyanide nuwmbers

The alkali number (alk. no.) and ferricyanide nw ber (f.
no.) were obtained as described by Kerr (72). The number av=-
erage degree of nolymerization, Eh, was obtained according
to the following equations (13):

X, = (6700/ alk. no.) - 30 and x = 600/ f. no.

The alk. no. 1s obtained by heating a 0.1 N NaOH starch
solution for one hour in a hot water bath and reasuring the
loss of NaCH. 7The f. no. is obtained by heating a sodium car-
bonate, potassium ferricyanide, starch solution for 15 rinutes
in a hot water bath and determining the arount of ferricyanide
that has been reduced. Both rethods depend on the alkaline
degradation of the reducing chain. As soon as a branch point
is reached, this degradation stops (73). The alkaline degra-
datlion in deternining the alk. no. 1s much more severe than
in the f. no. determinatiorns. Therefore the alk. no. will be

subjected to a larger error for samples that have been acid

hydrolyzed or have a high degree of branchinge.
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The alk. no., f. no., and light scattering molecular
welght were all obtained on the sare starch solutions in the

acld hydrolysis experiments.

5« Determination of per cent branching and results

The ner cent branching was deterrined according to the
method of Rankin and Jeanes (74). The amylopectin solutions
were prepared as described in the next section.

A~proximately 0.5 grams of amylopectin solution was pipet-
ted into a glass stonpered flask which had been cleaned with
chromic acid and flushed with Coe-free nitrogen. A 0.3 molar
solution of NalQ, was added. The ratio of the number of moles
of anhydrous glucose units to the moles of NaIOu was annrox=-
imately 2.5. Enough COz-free double distilled water was added
to dilute the solution to exactly 100 ml. The flask was
stovnered and allowed to stand in the dark. Three 10 ml.
aliquots were withdrawn at 72 hours and three more at 96 hours.
The aliquots were pninetted into glass stoppered flasks which
had previously been flushed with Coz-free nitrogen. Two ml.
of ethylene glycol was added to each aliquot and the stop-
pered flask was allowed to stand in the dark for one hour.

The ethylene glycol had previously been vacuum distilled over
solid NaOH. The forrilc acid in the aliquots was then titrated
with 0,01 N NaOH to the first stable pink of the nhenolph-

thalein indicator. The NaOH was standardized against welghed
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portions of standard 0.2 N H,SO,. Blanks were included in
each run and subtracted from the result. A correction for
the presence of the reducing group was made on all samples
having an ¥n of less than 1000 as determined by the f. no.
The results are listed in Table 15.

It should be pointed out that the per cent branching for
"immature", "mature", and "overmature" sweet corn glycogen

samples 1s 9.25%, 8.4% and 7.98%, respectively (75, 68).

6. light scattering

(a) Preparation of solutions. Starch granules were dis-
versed by using either 6 or 8 molar lithium bromide or buffered

n-amyl alcohol solutions.

In dispersing with LiBr, a concentrated LiBr solution was
placed in a 500. ml three~-necked glass stoppered flask. The
LiBr solution was first clarified by rassing it through a
medium porosity sintered glass filter. The flask was equip-
ped with a thermoreter and an inlet for helium gas, a glass
stirrer, a reflux condenser, and a heating mantle. The at-
mosphere was kept inert by bubbling heliur gas through the
concentrated LiBr solution. A starch slurry was added when
the temperature was anproximately 90°C. The resulting solu-
tion was 6 or 8 ¥ in LiBr and approximately 2 or 3 per cent
in starch,.

The dispersion of the starch granules was followed by

withdrawing samples at various times into a stoppered bottle,
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Table 15. Per cent branching of wvarious

amylopectins and sweet corn glycogen

Sample

13th day
waxy

Mature,
waxy

14th day
dent

Mature
dent

1kth day
sweet

20th day
sweet

Mature
sveet

Glycogen

72 hrs

5e 7l

6.75
%.05
756
736

5495
8.’4’7

Calculated pe
Reaction time

an

Average

96 hrs

5.88

6.90
3.80
8.56
9.01

6434
8.88

5.8

4.5

6.8

4.0

8.0

8.2

6.1
8.67

*
Per cent branching of mature waxy maize was obtalned
from Rankin and Jeanes (74).
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cooling these samples by swirling the bottle under the water
tap, and diluting the cooled soclution twenty-five fold into
a light scattering cell. The pipet used in the dilution was
rinsed several times with the diluted solution in order to
insure comnlete delivery. The solution was held near its
refluxing temperature (113°C for 6 X LiBr and 125°C for 8 M
IiBr) until a steady 90® intensity (190,) and dissymmetry
reading (Z) were obtained.

In the case of irmmature dent and sweet corn starch, the
hot 1ithium bromide solution hydrolyzed the starch samples.
It is also believed that the mature dent sample was slightly
hydrolyzed. The hydrolysis appears to be due to the presence
of phosnhate orn the amylopectin. The oH of a 6 or 8 ¥ LiBr
solution is changed from an almost neutral solution to a solu-
tion having a pH of about 1.5 when a nhosnhate buffer which
normally buffers at pH = 6.4 13 added to the LiBr solution.
In waxy starch there anpears to be less phosphate and conse-
quently no noticeable hydrolysis occurred. In order to remove
acidity in the starch, one could elther dialyze a mixture of
starch granules and cold 6 } LiBr against 6 } LiBr using a
sintered glass filter for separating the two, or one could
develop a buffer system in the 6 M LiBr that would keep hy-
drolysis to a minimum.

The use of concentrated LiBr was suggested by Harrington

who with Schellman found it to be an excellent solvent for
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811k and other nroteins. According to Harrington and Schell-
man (76), the LiBr tends to nroduce more hydrogen bonds be-
tween the nrotein grouns by lowering the activity of water.

The higher the activity of the LiBr, the lower is the actlvity
of the water. The hellcal form of the protein has the greatest
number of hydrogen bonds and therefore 1s the most stable in
the concentrated lithium bromide solutions. Thus intermolecu~
lar hydrogen bonds are broken to form intrarolecular hydrogen
bonds and the protein goes into solution.

The disrersion of starch granules can also be thought of
as breaking intermolecular hydrogen bonding and forming intra-
molecular bonds. The comnlexing of the lithiwr bromide with
the starch chains 1s probably similar to the iodine complexing,
the negative bromide ion being located in the center of the
helix and the hichly hrdrated lithiur ions adhering to the
external side of the helix. Any salt that has a high activity
and a large anion could act as an excellent solvent. LiBr
was chosen because of its higher activity coeffiecients (77).
ILithium thioeyanate would anpear to be a good solvent, but
its activity in aqueous solutions has not been studied. 15%
Mg012 which also has a high activity coefficient was found by
Staudinger (78) to be a good solvent for glycogen and was
later used hy Stetten, et. al. (14) as a medium for light
scattering measurements on glycogen. The effect of various

salts in dispersing starch has been reviewed.



75

In the immature waxy samples, dispersed with LiBr as
described above, the solution was dialyzed until silver nitrate
tests were negative. In all other LiBr dispersions, the hot
solution was added with vigorous stirring to 95% ethanol. The
precipitated starch was then washed three or four tires with
80% ethanol and finally with methanol. The starch was brought
back into solution by adding water and shaking. The snall
amount of methanol remaining in the solution was removed by
vacuum distillation between 25°C and LO°C.

The amylose in the case of dent and sweet corn samples
was removed by reheating the above solution to its refluxing
temperature under a hellur: atmosrhere, 2dding n-amyl aleohol,
cooling slowly with stirring to room temnerature, centrifuging
off the nrecipitated amylose in an International centrifuge
and filtering through a millipore filter of sufficient silze.
The anylopectin solution was then rrecipitated and washed with
aleohol, redissolved, and vacuum distilled as before. It was
found that if the n-amyl alcohol is vacuum distilled off in-
stead of using the above nrecipitation rethod, the solution
becomes acid.

Lansky, Kooi, and Schoch's method (69) was used for the
dispersion of starch granules in buffered n-amyl alcohol solu-
tions. The pH changed from 6.4 to 6.1 during the 24 hour re-
fluxing period. The same anparatus and method for dispersing

starch granules in concentrated LiBr solutlons was used in
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dispersing starch in buffered n-amyl alcohol solutions. After
24 hours of refluxing the amylose was removed as described
above. The resulting armylopectin solution was dialyzed to
remove the nhosnhate buffer. The starch was then rrecipitated
and washed with alcohol, redissolved, and vacuum distilled as
desceribed above.

The resulting 2 to 3 ner cent arylopectin solutions from
the LiBr and n-anyl alcohol disnersion methods were centrifuged
at 20,000 rom for one hour or at 42,000 rpm for 15 rinutes in
a Spinco rnreparatory centrifuge. The solutlon was gently
poured off, the impurities adhering to the side of the cen-
trifuge tube. In waxy malze samples I, II, and IV, the upper
three-~fourths of the solution was withdrawn slowly with a
hypoder::ic syringe. This latter precaution was found to be
unnecessary and vas ellmlinated.

Welighed nortions of the above solutions were diluted with
double distlilled water for ultracentrifuge stuvdies.

In the acid hydrolysis experiments, the above resulting
solution was heated to its refluxing terperature under a helium
atmosphere in a 250 ml. three-necked glass-stoppered flask
equinned with a thermometer, refluxing condenser, heating
mantle and magnetic stirrer. The buffer was then added. A
0.05 M notassium acid nhthalate solution was used to hydrolyze
the 13th day waxy samples and a 0.05 M acetic acid rlus 0,009

M sodium acetate solution was used for the other samples.
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The calculated pH for the nhthalate (79) and acetate (80)
buffered solutions at the refluxing temperature was 4.24 and
4,22, respectively. Samples were extracted at various time
intervals and irrwediately preclipltated by adding the hot solu-
tion to 95 per cent ethanol with vigorous stirring. They
were washed three or four tines with 80 per cent ethanol and
-then with methanol, redissolved and vacuur distilled as
described ahove,

The concentration of the above solutions was determined
by evaroration of a welghed portion to dryness under a heat
lamp, followed by drying in a vacuum oven at 95°C to a constant
welght (approximately 12 hours). Welghed portions of the re-
sulting amylopectin solutions were diluted with double distilled
water to approximately 100 ml. and welghed again on a Sar-
torius balance.

These diluted solutions were then prepare: for light
scattering by using HA (4500 A nore size) and AA (8000 A pore
size) millipore filters. A picture of the apparatus used 1s
shown in Fig. 77. The slze of the filter used depended on
the molecular welght of the sample. It was found by optical
rotation that passing the solution through the filter did not
change the concentration. In cases where the molecular welght
was over approximately 100 million, the solutions were not
passed through the filter but only the water used in diluting

these samples was clarified.
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In making the light scattering measurements, 50.00 ml
of HA filtered water was added to a Brice-rhoenix cylindrical
cell. The above diluted starch solutions were added to the
cell in inerements of 1, 5, 15 and 50 ml. This nrocedure en-
ables one to obtain an accurate blank and avolds the cumulative
contamination obtained in going from concentrated to rore
dilute solutions. This is extremely important since the con-
centrations used were very low, the lowest being 9.7 x 10~7
gme./ml. For the first three additions of starch solution to
the light scattering cell, the cell was gently swirled to ob-
tain a homogeneous solution. After the last addition it was
tipped back and forth. It was found that although a magnetic
stirrer can be used to stir the solution, it was more curber-
gome and did not give as good results. Light scattering meas-
urements were made over the angle range from 21.6° to 135°.

The amyloses from 20th day and mature sweet corn starch
were obtained from the above buffered n-amyl alcohol disrer-
gsions. They were also dialyzed and precipitated and washed
with alcohol as described above. They were »ut into solution
by using a boiling water bath before determining their f. no.

The sweet corn glycogen obtained from Schoch 1s readily
soluble in water. Amylose impurities were removed by vnre-
eipitating the amylose as described ahove. The glycogen after
being nrecinitated, washed, and redissolved was clarified by
passing the approximately 2% glycogen solution through an HA
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millipore filter instead of centrifuging the solution as above.
By removing the amylose imnurities 1t was found that the molecu-

lar weight of the glycogen had increased from 1k.6 x 106 to

18.5 .o 1060

(b) Theory of light scattering technique. There are
numerous reviews on light scattering (81, 82, 83, 84, 85).

Therefore, excent for essential parts, the theory and its ap-
plications will not be reviewed here,

In obtaining the light scattering data, one passes a nar-
row monochromatic heam of l1light through an optical glass cell
containineg the solutions The intensity of the light scattered
at various angles from the exiting beam is measured, the light
scattered by the solvent being subtracted. The intensity of
the scattered lirht for a given concentration and moleculnr
welght depends on the width of the cell and the distance of
the light to the photometer. Consequently the Ilntensity 1is
only relative and must be calibrated with solutions of known
turbidity.

The molecular weight can be obtained from the following
equations:

KC/RO’C = HC/ TQ’C =1/ ﬁ'wpo 42BC + o o o o o

where
RO,C = reduced intensity or Rayleigh's ratio corrected for
volume scattering and the use of unpolarized light

K = 2T2n? (an/ae)?/ n A
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TO,C = (16TT/ 3) Rg = turbidity of the solution

H = (1671/3) K
Mu = the veight average molecular weight
PO = correction factor for intraparticle interference

For the constants H and K, n = refractive index of the
solutiong n, = refractive index of the solvent; N = 6,023 x
1023; A = wave length of l1light in vacuum.

Two methods are usually employed for obtalning the molec-

ular welght: the dlssymmetry and the Zimr methods. In the dis-
symmetry method the turbidity is obtained at 90°, HC/ T9O‘ c
?

i1s plotted against the concentration and extrapolated to zero
concentration according to the above equation. In order to
correct 1w for the intraparticle interference, equations for
rods, snheres, and noly- and mono-disnerse coils have been
derived relating P90° to the dissymmetry at zero concentration
(66). The dissyrmetry at zero concentration is found by
nlotting the intensity at L5° divided by the intensity at 135°
versus the concentration.

In the Zimm method the molecular weight (87) is obtained

by plotting KC/ R, . versus sinZ 6/ 2 +k C where the constant
3

k is chosen so that kC will be approximately the same order of
magnltude as sin2 6/ 2. By extranolating to zero angle and
zero concentration, we obtain a molecular welght which 1s in-

denendent of the shape of the molecule since Pg =1 at @ = 0°,
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From the Zimm plot the radius of gyration can be obtalned
using the initial slope of the zero concentration line and the
intercept (28, 89, 17):

7,2 - 3A%Unitial slope)
16 TT 2(intercent)
Equations have been derived relating the radius of gyration
to various models (81l). If the nolymer is heterogeneous, as
with amylopectin and glycogen, the Z-average radius of gyra-
tion will be obtained (£9).

The light scattering instrurient and the refractometer used
have been described rreviously (20, 91). Veasurements were
made at A\ = %358 A using a Brice-Fhoenix cylindrical cell
(92) with plane entrance and exit faces. At this wave length
dn/ de was found to be equal to 0.156 ml./ gm. for both glyco-
gen and amylopectin solutions using water as the solvent (n0 =
1,34 for water). The calculated value of K was found to be
K = 3.97 x 1077,

Witnaver, et. al. (12), found that the measured depolari-
zation for notato amylopectin was approximately 2%. Therefore
it was assured that the optical anisotropy for the samples
studied was also small.

The scattering correction (93) for the reflexion of the
exit beam in the light scattering cell was not made. A 5.3%
correctlon was made, however, on the rmature dent sample and

it 1s seen in Graph 42 that for this molecular weight, the
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scattering correction is negligible. It may, however, be more
predominant at lower molecular weights.

The calibration of the light scattering instrument was
made according to the rethod of Northrup and Sinsheimer (90).
The constants A and & were found to be 10.70 ecn-per cent
and 4,37 x 103 cm./per cent, respectively, by the rmethod of
least squares. Data given by Stamm (94) for the refractive
indices of NaCl solutions at A = 4358 A were used to cali-

brate the refractometer.

(c) Calculation of rate constants. The rate constants

were calculated fror the slope of the line in the 1/ Xn versus
time graphs by the following methods.

Consider the hydrolysis of an infinitely large statistical-
ly branched polymer. The degree of hydrolysis is equal to ﬁ
where x is the number of linkages hydrolyzed (the number of
free aldehyde groups), and n 1s the total number of glucose
units. The degree of hydrolysis 1s therefore equal to l-pA
where Pa equals the probability of having a linkage at the

aldehyde group on a glucose unit. Hence
13, = 1omng - VEn = &
In this large polymer containing n glucose units there
will be essentially n linkages. Thus
dx/dt =k (n - x) ~k n
Assuming that the number of linkages equals the number of
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glucose units, we have d(1/Xn)/ dt = k. And upon integrating

we have (1/Xn) final - (1/%n) initial =k At

where At equals the change in time in seconds. If we start
with an infinitely large polyrer, then (1/Xn)initial equals
zero. However, since an infinitely large polymer is not in-
volved, (1/Xn) initial is not zero. This evuation will hold
for large values of Xn as eneountered in the hydrolysis exner-
iments, but it will not hold for extrere hydrolysis. When

Xn = 100, there will only be a one ner cent error in assuring
that the number of glucose units equals the nurber of linkages.
Acid reversion of the hydrolyzed nroducts will also be negli-
gible in these exveriments (95).

If the statistical model applies to amylopectin and gly-
cogen, the rate of change of 1/Xn obtained from Mw versus
time should be linear. From the light scattering results on
acid hydrolyzed amylopectins, it will be shown that this 1is
true. The rate of hydrolysis can therefore be obtained from
these resulting linear granhs. As described previously, Xn
can also be obtained from the f. no. and alke. no.

The rates of hydrolysis calculated fror the acid hydroly-
sls experiments are listed in Table 16. The true rate of
hydrolysis calculated from experirents done by French (96)
and Calamari (97) on mature dent amylopectin and mature waxy
maize for acid concentratiors of around O.1 to 0.2 N HC1l and

-1

H,S0, were found to be equivalent to k = 6.7 x 10~¢ sec™! and



Table 16 .

8l

Rate constants obtained from

acid hydrolysis studies

Amylopectin k x loggec'l k x lo8sec'1 k (£f. no,)
(from Mw) (from f. no.) K (Fw)

Mature dent

(4% branching) 2.41 7.05 2.92

Mature dent

(6% branching) 3.02 7.05 2.33

Mature dent

(6% branching

xn from PMw/h) 6.27 7.05 1.12

13th day waxy IV

(98ecC) 2.82 4,62 1.64

13th day waxy II  3.33 - -

(99+C)

20th day sweet

(from Mw) 3.17 3.02 0.952

20th day sweet

(from Mw/:) 656 3.02 0.460

14th day sweet L4.43 1.39 0.31kL

Glycogen 1.018 0.667 0.655
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8 sec'l for a pH of 4.22 and a temperature of 99.5°C.

9.8 x 10™

The hydrogen ion concentration for stoh was approximated.

These rates were obtained by the copper reduction method. The

rate constant for the hydrolysis of mature dent amylopectin

obtained from the f. no. agrees well with these rate constants.
The errors that may occur in obtaining the rates from

Xn are the following:

1. The rate of hydrolysis is a function of both the hydrogen

ion concentration and the temrerature. Therefore a change in

refluxing temnerature because of a change in atmospheric pres-

sure will change the rate of hydrolysis.

2. The change in the equilibriur constant of the buffer with

a change in the refluxing temperature will change the hydrogen

ion concentration.

3. Fhosphate on the amylopectin or protein imnurities may

change the pH of the buffer.

4k, The rate from the f. no. may be inecreased if long exterior

chains are present. The rate from the alk. no. would not be

changed as much since small rolecu’es do not appreciably af-

fect the alk. no. (13). This error exists because linear role~

cules have a higher f. no. and alk. no. than branched molecules.

5. The rates from the f. no. and alk. no. may be decreased

if the amylopectin or glycogen has a high percentage of branch

points. The alkaline degradation of the reducing chain in

both cases will be stopped at a branch nroint. A much greater
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error will be encountered in the rates obtained from the alk.
no.
6. An error in per cent branching will alter the rate of hy-
drolysis obtained from Fu.,
7. It has been found that the rate of hydrolysis of the 1,4~
linkage 1s arproximately four times as fast as the rate of
hydrolysis of the 1,6-linkage (98). Since Pg 1s less than
P,y then the hydrolysis of the 1,6-linkage should occur at a
faster rate in order for the hydrolysis to act as a reverse
of the synthesis of a statistical model. A slower rate will
be obtained because of the stability of the 1l,6-linkage. The
hydrolyzed amylonectin or glycorgen should still act as a
statistical rolecule since the degree of hydrolysis in these
experiments 1s not severe.
8. The rate of hydrolysis from Mw may be increased if the
molecules exist as chemleally bound aggregatese

Variations in the rate due to temperature, per cent branch-
ing, and obtaining Xn from ¥w/&+ instead of Fw are included in
Table 16. The maximum per cent branching of the glycogen pre-
cursor for the 4 per cent branched rature dent armylopectin
is 6 per cent. Therefore values using this percentage are
included. Except where indicated, the Xn was obtained from
Mw instead of Fw/t+ and from the experimental degree of branch-

ing. The rates for 14th day sweet corn amylopectin and gly=-
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cogen were obtained from the linear part of thelr curves (see
Figs. 45 and 55).

The results in Table 16 indicate that the errors deseribed
in (1), (2), and (6) will be srall., The differences in rate
constants between the sweet corn amylopectins and glycogen
may be due to (3) because the protein was senarated from the
starches and glycogen by different methods (68) and glycogen
may have a smaller amount of phosphate. The error described
in (4) will be large if long exterior branches are present.
Preliminary data on mature waxy malze starch show that this
error 1s quite large indicating the presence of a few extremely
long exterior chains. It may be that some of the longer ex-
terior chains in the waxy starch are being used as accertors
in the debranching mechanism. The results on the acid hy-
drolysis of mature waxy starch are not reported here. In the
case of mature dent amylopectin, the error due to its longer
exterior chains is believed to be negligible since the rate
obtained from the f. no. agrees quite well with the rates
found by French (96) and Calamari (97). However, this could
be checked by obtaining the rate of hydrolysis of its /;?-
amylase limit dextrin. This experiment was not done.

The rate obtained from the f. no. gradually decreases
with an inerease in the exverimental degree of branching.
This may be due to either (4), (5), or (7). It was concluded

above that there is not great error due to (4). Since there
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is no detectable change in the rate obtained from ¥w with a
change in the experimental degree of branching, then the error
deseribed in (7) is most likely negligible. Thus the decrease
in the rate obtained fror: the f«. no. is most likely due to
(5).

The correlation between the rates obtained fror Mw and

Mw/4 will be discussed below.

(@) light scattering results. The results on the un-

hydrolyzed sar.nles of the waxy, dent, and sweet corn amylo=-
pectins and the sweet corn glycogen are listed in Table 17.
The table includes the weight-average molecular weipht, Z-
average radius of gyration and the predicted number-average
degree of polymerization assuming the statistical model 1is
valid and assuring that the exnerimental per cent branching
1s correct. For comparison, the Xn obtained from the f. no.
and alk. no. is included. The method of dispersion -~ either
by 6 or 8 M LiBr or n-amyl alcohol - is given. The results
on the acid hydrolysis of each sample are listed in the Ap-
rendix. The Z-average radiil of gyration for samples of vari-
ous amylopectins having the same molecular weight are compared
in Table 18.

From these results the following noints will be con-
sidered:
1. The Xn obtained from the ¥w of immature and mature waxy

remains essentially constant, the variation in ¥w being due
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Table 17. Molecular weilghts of various amylopectins,
radii of gyration are incluvded.
Theoretical ;h obtained from the statistical model

Sample and (ﬁ;gj 3+ 7w x 10°° Theor. Observed™
method of = x
dispersing *n n
13th da% waxy 6160 (f. no.)
(1iBr 4680 A 168 3070 €960 (alk.no.)
8650 (alk.no. )
rature waxy
(LiBr) 4301 A 125 2980 3990 (alk.no.)
14th day dent
(alcohnl) 3420 A 168 2880 2670 (alk.no.)
Mature dent
(LiBr) 2302 A L5 1890 3090 (alk.no.)
14th day sweet
LiBr§ 1893 A 15.8 810 260 (f. no.)
524 (alkeno.)
20th day sweet
(aleohol) 2h56 A L3 1320 717 (f. no.)
702 (alk.no.)
Mature sweet 3160 A 76 2015 596 (f. no.)
(aleohol) 1050 (alke.no.)
"Mature" glycogen 580 A 18.5 843 533 (f. no.)
14th day sweet
(extrapolated)™ " - 3.93 %00 -
"Mature" glycogen.
(extraslpolated)x'1 - .58 416 -

*Disnersed eith:r by refluxing in 6 or 8 ¥ LiBr or buf-
fered n-amyl alcohol solutions

**Obtained from alkali and ferricyanide numbers (13)
**see Figs. 45 and 55
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Table 18. Primary srecificity of rnhosphorylase

Data obtained fror Kunyl Tanaka's paper (99)
Per cent phosphate liberated using phosnhorylases obtained

from corn endosperms ard potato

Priming Waxy Dent Sweet Potato
substance

None 10 10 16 3
Sweet corn

glycogen 30 25 21 58
Corn

amylose 27 21 27 47
Corn

amylopectin L2 30 2k 17
Soluble

starch 4 15 27 34
Reaction time

of column 4110 min. 4345 min. 3960 min. 4300 min.
Amylopectin

amylose 1.56 1.43 «890 «36
Glycogen

amylose 1.11 1.19 «78 1.23
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to the varlation in per cent branching.

2., The Mw and Xn for sweet arylopectin increases with maturity.
3. The relative phosrhorylase activity (for amylopectin as a
primer) in the three varieties is waxy > dent ) sweet (99).
This predicts that the Xn will vary in the same manner.

4, Acid hydrolysis studies show that the amylopectin and gly-
cogen behave as statistical mrodels and as if these molecules
exist in aggregates of four.

5¢ The results on glycogen and 14th day sweet corn amylo-
nectin give further evidence that glycogen 1s a nrecursor to
starch.

6. The comparison of the radii of gyration for various amylo-
pectins indicates that the amylopectins have been subjected

to a debranching enzyme.

Since the Xn of waxy remains essentially constant, one
would expect that the glycogen nrecursor of dent amylopectin
would also remain constant. The per cent branching for 1lhth
day and mature dent a: ylopectin is 6.8% and L4.0%, respectively.
Assuning that the Xn for 14th day dent auylopectin equals the
Xn for the mature amylopectin, the predicted Mw for mature
amylopectin will be 104 nillion. A larger nredicted Pw would
be obtained if the Xn of the parent glycogen was used. The
molecular welght as listed in Table 17 is 45 1illion. Stacy
and Foster (17) obtained molecular weights of 43, 80, and 100
million., Assw.ing that glycogen 1s debranched to form amylo-
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pectin and amylose, the molecular weilght of the mature dent
amylopectin should be lower than that rredicted. This 1s be-
cause the per cent arylose and therefore the arount of de-
branching increases with maturity. Both the Xn and the Mw
should decrease in dent amylopectin and the Xn of its parent
glycogen should remaln the same.

The increase in Fw for sweet amylopectin with maturity
is most likely due to the formation of a limiting molecular
weight because of the high ner cent branching and the steric
hindrance associated with these non-reducing ends being too
close together. If rlyecogen 1s a nrecursor to starch, then
the molecular weight of rglycogen should also increase with
maturity. Schoch (6f) found an increase in the intrinsie
viscosity of glycogen with maturity. Therefore his results
agree with those found for the amylopectine.

The data from Tanaka's paper (99) show how dent, sweet,
waxy and potalo phosnhorylase act towards different primers,
The amount of phosphate liberated indicates how much glucose-
l-phosphate has reacted with the nrimer. The greater the arount
of rhosnhate, the greater 1s the catalyst activity of the en-
zyme for that primer. Because amylose 1s a linear molecule
having no possible sterie hindrance, one can assure that the
activity of all the phos~horylases for the amylose nrimer is
the same. The relative activities for the amylopectins are

obtained by dividing the amount of vhosphate liberated when
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amylopectin 1s the primer by the amount when amylose 1s the
primer (see Table 18). In treating Tanaka's results in this
manner, one finds that waxy, dent and sweet corn have phos=-
rhorylases which act with different speeds toward amylopec-

tin. The results on glycogen can not be used in cornaring

the rhosphorylase rates because of the possible steric hindrance
associated with the branching in the glyeogen. This rate would
only be valid for the sweet corn phosphorylase.

Waxy phosphorylase has the greatest activity for amylo-
pectin followed by dent and finally by sweet corn nhosphory-
lase. Since the number averapgec and not the welght average
molecular weight of waxy remains constant during plant growth,
only the Xn can be compared. This variation in vhosphorylase
activity predicts that the Xn of waxy, dent, and sweet will
decrease in that order. This has been found to be trve using
either the Xn obtained from Mw or from the f. no. and alk. no.
A limiting molecular welght due to higher per cent branching
as discussed above may be a faetor here. It is not an im=-
portant factor because even though lmmature dent amylopectin
has a greater per cent branching than the mature sweet, the
immature dent amylopectin has the larger molecular weight.

As nointed out previously the rate of change of 1/ Xn
with time should be constant if the amylopectin or glycogen
behaves as a statlistical model. The branched components of

mature dent, 20th day sweet, 1lhth day sweet, "mature" glyco-
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gen and four different preparations of 13th day waxy were acid
hydrolyzed. A straight line from a plot of 1/ Xn versus time
was obtained for all amylopectins excert in the initial part
of the 14th day sweet and glycogen studies. The less random
models also give straight lines (see Figs. 45 and 55). The
amylopectins therefore behave as statistical models. As
pointed out previously all of the statistical rodels have the
same broad distritution.

Witnaur, et. al. (12), observed from ultracentrifuge stud-
ies that an arylopectin fraction behaved as other high poly-
mers of "similar" nature. They concluded that the ratio Mw/kn
would be 1.5 to 2 for this fraction as in A-B condensation
polymers. If this factor 1s annllied to all their fractions
as suggested by them, only a small difference in f'w and Fn _
is obtained. They also observed that Potter and Hasslid's
(23) ¥n values (1 to 6 million) for arylopectins were similar
to thelr Ifw value of anproximately 10 million. For high
molecular veights of A-B condensation polymers, F'w is essen-
tially equal to 2n . In Fig. 60, xn was obtained from
Yw = 2¥n. It can be seen from these hydrolysis curves that
the amylopectins and glycogen do not behave as A-B condensa-
tion polymers. Potter and Hassid's hich Mn 1is probably due
to high concentration effects in their osmotic pressure meas-

urements.
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The 14th day sweet corn amylopectin and the "mature"
glycogen behave similarly toward acid hydrolysis. The 1luth
day sweet corn wars at the edible stage. Both sanples were
therefore obtained at approximately the sare stage of maturity
since in sweet corn terrinology "mature" refers to the edible
stage. From the i1nitial and extrapolated values of glycogen
and 14th day sweet corn amylopectin we haves

™ 6
Glycogen: E—!—M&L—— = l&&i—x-—Lgr = l,..o’,*,

¥w (extrapolated) L4.58 x 10

1kth day sweet - é
corn armylopectin: Mw_(original) - ;E;Q_;_;QE = 4,02

Fw (extrapolated) 3.93 x 10

Thus exactly the same arount of aggregation exists in both
cases. If one considers that this glycogen is converted into
the amylopectin and amylose as described rreviously, the pre-
dicted ner cent amylose from the initial and fror. the extra-
prolated welght-average rolecular weights is 14.3% and 14.6%
amylose, resnectively. It was foud from iodine titrations
that 14th day sweet starch has 18.3% arylose. Both the gly-
cogen and the amylopectin behave as statistical models after
these aggregates of four have been broken up. The above
evidence shows strongly that glycogen may be a precursor to
starch.

Consider that glycogen consists of 1,3-, 1l,l-, and 1,6~
linked glucose units and that Py = Pg It can then be assumed

that the Xn obtained from the extranolated value is correct
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and that the initial hydrolysis is due to the breaking of
"weaker" 1,3-linkages. The iw predicted from this Xn as-
suming an equal armount of 1,3- and 1,6-linkages before hy-
drolysis is 4.68 x 106. This 1s much sraller than the original
18.5 x 106. It was fourd that if glycogen 1is refluxed 24 hours
in n-amyl alcohol, the resulting molecular weight 1s 7.8 x 106.
This is much greater than the extrapolated molecular weight
of 4.58 x 106. Therefore it 1s concluded that the initial
hydrolysis is not due to the breaking up of physical aggregates
or the nresence of 1,3- or 1,2-linkages in the polymer, but
it is duve to the chemical bonding of four glycogen mnlecules
to a protein molecule or some other point source.

In Table 19 the Z-average root mean square radius of gy-
ration for different amylopectins and glycogen illustrates
the following:
l. When the molecular weights are comrarable, it is found
that the greater the per cent branching the greater is the
asymmetry. The debranching enzyme would encounter more steric
hindrance the higher the ner cent branching. This result
therefore agrees with the nostulate made rreviously regarding
the mechanisms of the debranching enzyme.
2. The asymmetry of the 20th day sweet amylopectin 1s greater
than the 14th day sweet amylopectin even though both have es-

sentially the same ner cent branching. Because of the short

branch lengths, the debranching enzyme would be sterically
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Table 19. Comparison of radil of gyration
with per cent branching

Amylopectin € dbranching fw x 10-6 (F;a) ¥
13th day waxy 5.8 168 L4680A
14th day dent 6.8 168 31944
Mature sweet 6.1 76 3160A
13th day waxy 2.8 83.5 2786A
Mature dent (17) o0 80 2050A
20th day sweet 8.2 43 2456A
13th day waxy 5.8 L5 2350A
Mature dent 0 43 2350A
14th day dent

(in N KOH) 6.8 28.6 2344A
lkth day dent
14th day sweet 8.0 15.8 1893A
13th day waxy 5.8 21. 1640A
13th day waxy 5.8 15. 1460A
Potato fraction (12) 5.0 23 1370A
Potato (12) 5.0 13.6 1010A
Sweet corn glycogen 8.67 18.5 5804
20th day sweet 8.2 6.0 11494
13th day waxy E.B 6.02 1003A
Mature dent 0 6.50 912A
Potato fraction (12) 5.0 7 820A
20th day sweet 8.2 2.80 863A
Mature dent 4,0 2423 660A
Sweet corn glycogen 8.67 3.50 L43hLA
20th day sweet 8.2 l.22 613A
14th day sweet 8.0 1.48 600A
13th day waxy 5.8 1.48 85A
Sweet corn glycogen 8.67 2.53 16A
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hindered as previously postulated. Therefore a greater
asymmetry 1s obtained with a greater amount of debranching
since 14th day sweet corn starch has 18% amylose and 20th day
sweet corn starch has 23% amylose. In the case of mature dent
and potato the per cent branching is rrobably low enough so
that steriec hindrance is no great factor.
3+ Initially waxy has a larger radius than 13th day dent
amylopectin even though this dent starech has 6.8% branching
and 184 amylose. Some of the longer non-reducing ends in
vwaxy malze starch may act as acceptors in the debranching
mechanisr: giving greater asyrmetry. Potato amylopectin may
have been equilibrated more with the debranching enzyme in
order to give 1t less asymmetry.
Lo In l4th day dent amylopeetin the radius of gyration is
greater in N KOH than in H,0. This may be attributed to a
spreading out of the molecule due to the adhering negative
hydroxyl groups. The exact opposite was found for the highly
phosrhated notato amylopectin. Witnauer, et. al. (12), found
that the decrease in radius for the notato amylopectin in NaOH
was similar to that found for the amylopectin in a salt solu-
tion.

Again, as in previous sections, the results have been
interpreted assuming that glycogen is a precursor to starch.
It is considere?! that the results are in good agreement with

this theory.
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IIXI. VALIDITY OF LIGHT SCATTFRING RESULTS
A. Introduction

Since light scattering results are actually the basis
for most of the conclusions made in this thesis, then sub~
gtantiating these results by other chemiecal or physical methods
gives added force to the conclusions.

There are two major factors that may give erroneous light
scattering results:

1. Physical argregation due to hydrogen bonding. These ag=-
gregates may either give a broad distribution such as that
found in the statistical rodel or they ray present as a mix-
ture of high 1olecular welghts and low molecular weights.

2« The presence of a small amount of extremely large particles.
These particles may be dust, partially undissolved granules

or the like. They are differentiated fror the above by being
present in only a minute amount and being much larger than

the amylopectin riolecules.

Aggregation involving vprimary bonds (chemical aggrega-
tion) will not be considered here because the dispersion of
such aggregates would involve the oxldation or hydrolysis of
these bonds.

The points used to prove that these two factors are not

present are the following:
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a. Consistancy of results. The method for a given dispersing
agent may be varied with regard to tire and temperature. Un-
dissolved granules would be most affected by this and would
vary in size depending on the conditions. Consistancy of the
results would rule out foreign particles such as dust since

it would be extremely irprobable that one would obtain the
same size dust rarticles in every experiment.

be Variation in dispersing agent. The disaggregation of some
particles may not occur as fast or not at all with some dis-
persing agents.

ce Variation in solvent used in light scattering measure-
ments. Some solvents may cause aggregation even though the
particles vere initially dispersed.

d. Obtaining the weight average molecular weight by some cther
method.

e. Centrifugation studies. Extremely large particles would
be immediately centrifuged out of the solution, and a large
change in the molecular weight wlll result.

f. Acid hydrolysis experirents. If the branched molecules
are present as entanglements, then the acid hydrolysis of these
molecules and their entangled branches should result in a
drastic reduction of their molecular weight. The acld hydrol-
ysis experiments were described rreviously and therefore will
be oritted here. The fact that the molecules behave as a
statistical polymer strongly indicates that entanglements are

not present.
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g. Examination of the structure of the amylopectin molecule
by chemical methods in order to determine whether a statistical
model existse.

The above noints will now be discussed with regard to
the literature and vresent experimental findings.
a. Consistancy of results. The literature values of ¥w and
Mn reviewed earlier are in agreement with the statistical model.
Also light scattering results on potato amylopectin measured
at 79°C and 25°C gave the same result (12).
be Variation in dispersing agent. Amylopectin initially
separated from the arylose with a heated aqueous solution and
Pentasol was heatedi for two hours in 0.5H NaOH in the absence
of oxygen. The light scattering results agreed within 10%
(12).
¢. Variation in solvent. Formamide, water, N KOH, anhydrous
ethylenediamine, ethylenediamine hydrate give essentially the
same molecular weights for corn amylopectin (17). A high
molecular weight for glycogen was obtained using 15% MgCl2
(14).
d. Mw from other methods. A molecular weight of 3 to 8 mil-
lion was obtained by using the ultracentrifuge (16). This
1s much lower than the light scattering results. The amylo=-
6

vectin may have been hydrolyzed. A Mw of 14 x 10° was ob=

tained for glycogen from sedimentation and diffusion constants

(32).
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e, Centrifugation studles. Fractions obtalned by cecentrifug-
ing glycogen solutions had molecular weights from 10 to 159
million (14). The glycogen had an original Mw of 70 rdillion.
Glycogen therefore has a broad distribution.

g Examination of structure. Enzymatic hydrolysis studles

on arylopectin and slycogen were reviewed nreviously. They
showed that the distribution of branches occurs as in the
statistiecal model. Isomaltotriose was found to be present in
glycogen showing that two branch points can exist next to each
other (100). This indicates lack of or at least only a small
amount of steric hindrance in the branching mechanism. The
result would he the formation of a broad distribution of
molecules. The change in Mw in the//ﬁ’-amylolysis of glyeogen
or amylopectin agrees with the yleld of maltose (14, 17).
Therefore the removal of the long exterior chains does not

destroy any aggregates that iay be present,

B. Experimental

1. Lithium bromide dispersion of granules

The method for dispercing with LiBr was described pre-
viously. It was concluded at that time that the constant
dissymmetry and 90° intensity readings indicated that the starch
had been completely dispersed. Four different dispersions of

the 13th day waxy maize sample showed no essential difference
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in the extrapolated molecular weights. These samples weres

Sample LiBr Refluxing Hours
COnNC, temperature refluxed

I 6 Y 113°C 9

IT 6 M 113°C 2

111 8 M 125°C é

Iv 8 M 125C 6

2. Pentagol dispersion of granules

The 14th day dent arylopectin was dispersed by refluxing
in unbuffered and buffered Pentasol solutions according to
Schoch's method using a nitrogen atmosphere. The nitrogen
was passed through a vanadyl sulfate train (101). Despite
this precaution, it was found that the amyl aleohols were
oxidized and the solution became acld. The acld hydrolysis
was followed by using consecutive experiments. The Nw for
the amylopectin after 3 hours in unbuffered entasol 1s
comparable to that of the Mw after 20 hours in buffered Fent-
asol (see Table 31 and Figs. 64-71 in Appendix).

3. Molecular weights using various solvents

The Mw of the amylopectins obtained from the starch sam~
nles dispersed with Pentasol are listed in Table 20. Both
N KOH and H,O0 were used as solvents. The constant K = 3.305
x 10'7 used in obtaining the Mw in N KOH solutions was de-
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rived from values by Stacy and Foster (17), and Witnauer, gt.
al. (12), for dn/dc = 0.146 and from n, = 1.35. The arylo=-
pectins were in the N KOH for approximately four to five hours
before light scattering neasurerents were rade. The r0lecular
welghts obtained in alkali are higher than those in HZO. The
discrepaney is nrobably due to an error in n, for N KOH.
However, the results show that if aggregates are present, they
are not broken up by N KOH.

The ¥w of the 13th day dent amylopectin obtained by re-
fluxing 20 hours 1n buffered Pentasol was also studied using
6 14 LiBr as a solvent. No detectable change in the Mw was
observed.

Since N KOH was used as a solvent, the degradation of

the amylopectin in N KOH was studied under different condi-
tions (8). The results are listed in Tables 20 and 21.

4, Fractionation of anylopectin by centrifugatio

In order to determine whether the large molecular welghts
in light scattering are due to a small number of extrerely
large partiecles or to a broad distribution of molecules, a
dilute solution of amylopectin was fractionated by centrifu-
gation. A samnple of potato amylopectin was dispersed in N
KOH, neutralized with N acetic acld, and centrifuged for
various lengths of time at 20,000 g in a Servall centrifuge.
The upper 3/4 portion of solution was then pipetted from the
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The effect of oxygen upon amylopectin

dispersed in one norral alkalil for 54 days

Sample

Conditlions

ﬁ%P

90 e
Waxy mailze 6
starch air, room temp. 1.07 0.19 x 10
Potato 6
amylopectin air, room temp. 1.13 0.19 x 10
Potato 6
amylopectin oxygen, r. t. 1.02 0.14 x 10
Waxy malze 6
starch oxygen, T. t. 1.10 0.95 x 10
Waxy maize é
starch nitrogen he 52 8.5 x 10
Waxy malze 6
starch nitrogen, r. t. L.8 9.5 x 10
Table 21. The effect of oxygen upon potato
amylopectin dispersed in one normal alkali
Time of standing Sanrle 1 Sample 2
(hours (conec., 6,06 x ;o'“z conce, 6.72 x 10'h
Z LWEQQQ wagoo
5 548 10.3 x 106 341 6.8 x 106
29 5.6 9.9 3.16 6.2
53 be? 7.5 3.0 5455
77 3.8 645 2.22 4,36
101 2.5 5.6 2.0 3.45
149 2.2 L.6 1.81 313
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centrifuge tube. The concentration, deternined by optical
rotation, drorped from 0.,056% to 0.0354 in three hoursj; the
corresponding drop in turbidity was from 0.0129 to 0.0089
with the dlssymmetry reraining nearly constant. The estimated
drop in nolecular welght, using a polydisnerse coil as a
model, is only from about 80 to 70 million. Two runs gave
the same result within experinental error.

The experiment above was repeated using waxy malze starch.
It was found that the concentration decreased sharply during
the first 1% hours (0.06 down to 0.001%) and then leveled off.
Molecular weights remained in the rillions. Thus even after
removal of 98% of the material by centrifugation, particles
(molecules) remaining in the supernatant are still very large.

These centrifugation studles rather conclusively demon-
strate the absence of undispersed entanglements of extremely
high particle weight, and convincingly deronstrate that this
is not the cause of the discrepancy between number- and
welght- average molecular weights. The molecules therefore
have a broad distribution as predicted by the statistical

nodel.

5. Sedimentation constants and the corresponding molecular
welghts

The sedimentation constants were obtained for the 13th
day waxy I and III (both dispersed with LiBr) and 14th day
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dent amylopectin (dispersed 20 hours in buffered Pentasol).
In the irmature waxy, it was found that there were two com-
ponents (see Fig. 8). The sedirentation coefficients for the
two components of imrature waxy and for immature dent amylo-
pectin are listed in Tables 32 and 33 in the Appendix. The
extranolation of these coefficlents to zero concentration is
shown in Figs. 75 and 76 in the Appendix.

In calculating the rmolecular welght, Bridgman's values
(32) on glycogzen for the partial specific volume and diffusion
coefficients were used. The diffusion coefficlent was as-
surred to be equal to l.l x 10"7 for the slow component. For
the fast comnonent and for the dent amylopectin, the diffusion
coefficient was assurmed to be equal to 0.5 x 107, The par-
tial specific volume was considered as being equal to 0.65
in all cases. Both the immature dent and the waxy have an
Mw of 168 x 106 from light scattering. The fast conponent

and the dent anylopectin have an ¥ (S,D) between 80 x 106

and 120 x 106. The results therefore show that the light
scattering Mw has the correct order of magnitude. The slow

6 to 6 x 106.

component seems to have a M (8,D) of 1 x 10
C. Discussion of Results

The points made previously will now be discussed in light

of the above results.




Fig. 8. Sedimentation picture showing two components in immature waxy maize

and one in l:mature dent amylopectin.

The sedimenting “ictures read from right to left. The three frares from
top to bottom were taken from studies on waxy maize I starch (.50% conc.),

waxy maize I starch (.200¢ cone.), and 13th day dent aniylopectin (+529%
conc. ).
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aes Consistancy of results. Waxy malze was subjected to a
variation in temperature and ti:e in dispersing with 6 and 8
M IiBr. The resulting molecular weights were the same.
be Variation in dispersing agents. The irmature dent amylo-
pectin dispersed with Pentasol had a molecular weight of the
sane order of magnitude as the lmmature waxy dispersed with
IiBr. Also the molecular weight for mature dent amylopectin
disperse with LiBr has the same order of magnitude as that
found by Stacy and Foster (17). Since in all cases the Mw
is large, then any aggregates 1f present are not dispersed
by either agent.
¢. Variation in solvent. Water, 1 N KOH, and 6 M ILiBr,
amylopectin solutions all give the same order of magnitude
in molecular weight.
d. Molecular weight by other methods. The molecular weight
obtained by sedimentation and diffusion measurements 1s
slightly smaller but has the same order of magnitude as that
obtained from light scattering.
e. Centrifugatior studles. Fractions obtained by centrifu-
gation 1ndicated that amylopectin has a broad distribution
and that its large molecular weight is not due to the pres-
ence of a small amount of extrerely large particles.

The above results together with those in the literature
prove that no physical aggregation exists in the amylopectin

molecules. They also show that starch does not exlst as an
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infinite molecule in the starch granule, If this were true,
then the molecular weight would depend on the riethod of dis-
persion. However, chemical aggregates may exist as indicated

previously.
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IV. DISCUSSION AND SUMMARY

Results of /4 -amylolysis studies in the literature show
that glycogen does not behave as a statistical model but it
has longer exterior branches. A debranching enzyne called
iso-amylase has been found in Brewer's yeast (41). It is
therefore proposed that these discrepancies occur because the
glycogens have been subjected to a debranching enzyme. The
glycogen having the largest discrepancy (Baker's yeast gly-
cogen) also deviates the rost from the spherical shape (47).
This indicates debranching has occurred.

The amylopectins differ more from the statistical model
than the glycogens with respect to /5 -amylolysis lindts.
Also a review of the literature indicates that glycogen may
be a precursor to starch. A debranching mechanism is there-
fore proposed for the formatlon of amylose and amylopectin
from glycogen.

The per cent branching of immature and mature sweet corn
amylopectins 1s only slightly less than the per cent branching
of their corresponding glycogens. A greater asymmetry 1s
found for these highly branched amylopectins than for the
glycogens or lesser branched amylopectins. Therefore these
properties suggest that inner more avallable branches are
belng removed instead of exterior branches. These properties
correspond to those nredicted by the average statistical

molecule which was developed previously. One would expect
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that the43 ~amylolysis 1limit on sweet corn amylopectin would
be closer to the statistical model as found with the highly
branche: malted barley amylopectia.

The results on diurnal varlations In yleld and in ner
cent amylose indicate that amylose and anylopectin are not
produced at a different time of the day but they are produced
at the samne time as proposed. A review of the literature
shows that a glycogen type polysaccharide is first formed from
sucrose followed by the productlon of starch at night. The
above experiment therefore agrees with previous exreriments,

The potato plants exposed to light at night, shade, and
regular diurnal variations showed no appreciable difference
in amylose. This also indicates that anylose 1s not produced

during a separate time of the day.
Less arylose was found in the starches obtained from the

bagged samples of dent and sweet corn ears. Amylose was found
in the starch obtained from the immature bagged sarples of
waxy. These results are sinilar to those found by Baden=-
huizen for immature Scilla leaves and waxy endosperm (42).

In sweet and dent an increase in the number of recentor groups
would lower the molecular weight of the amylose and therefore
its 1odine binding ecapacity. This may account for the above
results. In waxy the lnerease in recertor groups such as
maltose would make it nossible for the debranched chains to
form amylose instead of adding to the non-reducing ends of

the arylopectin.
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The per cent branching of the glycogen decreases with
maturity. The per cent branching of the amylopectin was also
found to decrease with maturity. Both are therefore subjected
to the same change in relative activities of the branching
and phosphorylase enzymes. It wns found that the f. no. of
mature and 20th day sweet corn amyloses are 2.79 and 4.17,
respectively. Their approximate degrees of nolymerization
estimated from other studies (102) are:

Xn

Xn
Fror. Kerr (102) the f. no. of mature dent amylose is 1l.43 and

270 for mature amylose and

140 for 20th day amylose.

)

its corresnonding ih is 455, This would indicate an inerease
in the fﬁ of amylose with a decrease in per cent branching of
the glycogen or amylopectin for a particular plant. If gly-
cogen acts as a precursor, shorter chains on the glyeogen
should give shorter amylose chalns.

Ultracentrifuge data (see Fig. 8) indicates that there
are two components in immature waxy nailze starch but not in
immature dent amylopectin. Only one component was found in
mature waxy maize starch. This smaller component in immature
waxy starch may be due to the presence of elther molecules
that have not been linked with a protein molecule or amylose
or amylopectin irpurlties from the pericarp or ovary.

From acid hydrolysis experiments rate constants were

determined from the linear plot of 1 /Xn versus time. These
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Xn were obtained from f. no., from Mw assuming a statistical
model, from Mw assuming less random rodels, and from Mw /&
assuming that after the statistical polymer 1s produced, it
becomes chemlcally bonded to proteln molecules. It was seen
that the rate constants obtained fror the f. no. decrease
with per cent branching. It was concluded that this 1s due
to the storping of the alkaline degradation of the reducing
chain by a branch roint.

The 13th day and 20th day sweet amylopectins and the
corresponding glycogen all have apnroximately the same high
degree of branching. Because of thls one would expect the
ratio of their hydrolysis rates obtained from the f. no. and
¥w to be the same. It was found that 14th day sweet amylo-
pectin and glycogen behave as if thelr molecules existed
initially in agsregates of four. The ratio of the rates for
the 20th day sweet amylopectin obtained from the f. no. and
Mw / 4 agree with those obtained from 13th day sweet amylo=-
pectin and glycogen after their chemlcal aggregates have broken
up. Therefore it is concluded that 20th day sweet arylopectin
behaves as 1f four molecules are cherically bound around a
protein molecule.

In mature dent amylopectin the f. no. has been correlated
with the Xn obtained from osmotic nressure (13). These Xn
can therefore be considered as correct while those from the
higher branched ar.ylonectins in sweet and inmature waxy can-

not. It was found that the rate from the f. no. did correspond
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to an absolute rate obtained by using higher acid concen-
trations. Because of this the rates obtained from Mw and the
f. no. should be the same. They are not the sare. If the

rate is obtained from Fw / & instead of Fw they are almost

the sare. Dent amylopectin therefore behaves ag if its sta-
tistically nroduced molecules are chemically bound to a protein
molecule.

The arylopeetin and glycogen molecules also behave as
if produced from less random models. Fron the above discus-~
sion one ean assume that the Xn obtained from the f. no. of
mature dent amylopectin is correct and that the Xn from the
f. no. of glycogen 1s a little high. If these assumntions
are made, then it can be shown that the actual model for the
amylopectin and glycogen rolecules is between the statistical
and less random nodel I. ‘

The glycogen and all the amylopectins behave as if
chemically bound to a protein rolecule. Since the 13th day
sweet ar.ylopectin behaves as 1f it is produced from glycogen,
one can conclude that the following sequence of reactions
occurs in the production of all corn starchest

sucrose —gp glycogen —» (glycogen)l+ - protein

ATP ADP

S :f (amylopectin)h - protein + amylose

debranching
enzyme
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If any number of molecules can be bound in chemlcal
aggregates, the statistical model will not hold because the
Mw will be shifted in favor of the larger aggregates. It can
be shown that vost of the molecules which influence the weight
average nolecular weight in the statlstiecal model have ap-
proximately the same radiuse. Therefore it 1is concluded that
the molecules that affect 1'w the most exist as exactly four
molecules cherically aggregated together.

The statistical distribution will become narrower as a
result cf this chemical aggregation. Protein molecules which
initially have large glycogen nolecules attached to then: will
tend to bind themselves to smaller glycogen molecules because
of the steric hindrance of the large glycogen molecules. The
narrower distribution found by Witnauver, et. al. (12), can
therefore be due to both the above factor and to an incomplete
alcohol fractionatlon. It should be noted that the glycogen
molecules will remain srherical if four molecules are chemical-
ly linked in this manner. The existence of cheniecal conplexes
between synthetlic or natural glycogens and protein has been
found (103).

The above reasonings as to why these chemical aggregates
should be exactly four and why they act as statistical mole-
cules are not on solid ground. It is belleved, howevor, that
a mathematical explanation for this can be derived using the

following definition of Mws
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- ;EZ:}ngﬂl ;:E:gl. n, vy
> v 2.n v

where V,, LI n,, and v, are the molecular weight, total

amount (in weight), number of moles, and rolecular volume

of the 12& species. This definition assunes the density does
not depend on the size of the nolecule and that it does not
vary with the distance from the center of the riolecule to the
periphery.

All of the amylopectins and the glycogen were hydrolyzed
to the same extent yet only the lmmature sweet and glycogen
aggregates were broken up. It may be that bonds which are
more resistant to acid hydrolysis are present in the stable

aggregates.
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V. CONCLUSIONS

l. Starch 1s synthesized from glycogen.

2. A debranching enzyme reroves nart of the more avallable

exterior and interior branches on glycogen and combines them
together to form amylose. A source of energy, nerhaps ATP,
i1s required.

3. The greater the degree of branching of the parent
glycogen, the greater the asyrmetry of the amylopectin.

L4, The degree of branching will be less on the amylo-
pectin than on the narent glycogzen. The greater the degree of
branching, the smaller the difference. Therefore a high degree
of branching is not restricted to glycogen, but the degree of
branching of the amylopectin derends on the degree of branch-
ing of 1ts narent glycogen.

5. The greater the degree of branching of the parent
glycogen, the lower the/;?—amylolysis 1init for the amylo-
pectin.

6. The greater the degree of branching of the amylopec~-
tin, the lower the molecular welght of the amylose in corn
starch.

7. Amylose and amylopectin are produced at the same time
of the day in the starch synthesizing cells.

8. It is postulated that waxy malze endosperm does not
normally produce amylose because of the lower degree of branch-

ing in its starch and a lower activity of the debranching en-
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zyme. Amylose can be produced by changing the conditions in
the cell. It appears that this production of amylose 1s
brought about by inereasing the number of receptor groups such
as maltose,

9. The Xn of waxy starch and the rarent glycogen of dent
starch remains essentially constant during rlant growth, the
variation in Mw being due to the varlation in degree of branch-
ing.

10. The Nw and Xn for sweet corn amylopectin increases
with maturity. It is postulated that the high degree of branch-
ing in the immature glycogen sterically hinders the nhosphory-
lase enzyme giving a limiting molecular weight for the result-
ing amylopectin and glycogen.

11. A comparison of the Xn for the amylopecting shows
that waxy > dent ;>SWeet. This agrees with the phosphorylase
activities when amylonectin is the nrimer (99).

12. The structure of amylopectin and glycogen is between
the statistical model and the less random model I (7). These
statistical molecules seem to be chemically linked to a pro-
tein molecule. The chemlcal aggregate seems to exist in
groups of four.

13. Sedimentation studies show that two corponents are
present in immature waxy maize starch. The nature of the
slower component is not known. However, 1t disappears during
maturation and does not appreciably influence the light scat-
tering results. Its molecular welght 1s in the millions.
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14, Centrifugation studies, sedimentation measurements,
variation in solvent, and variation in method and dlsversing
agent show that no physlcal aggregates are present in amylo-
pectin solutions. The high Nw is due to the broad distribu-
tion and to chemical aggregates, each aggregate exlsting as

four molecules tied together, vnerhaps to a protein nucleus.
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Dexter French. In 1952 he was narried to Leatrice Glorila
Kurtyka. They have one child, Stig Paul, who was born August
9y 1955.
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IX. APPENRDIX



; OF IODINE

BOUND / 100. MILLIGRAM SAMPLE

AN ro ol o £ A
wm @) w (@) W @] 4]
T | ' [ N ' l ! l !

—

— ———— + ONINYOW Tip

® 1LHOIN “igj|
—-— 0 O9NINYHOWTi¢]







o
2
3

20
W
Z
8‘ [3tsMORNING © — - —
=15
& 137, NIGHT ® —--
n |4t MORNING + —---—
2 10 HUSKED O ——— =
é BAGGED T
o
—J ®
< 5
s

e O M

o—1 I | L

02 03 04 06 08 | 5 34

MILLIGRAMS OF FREE IODINE/ IOOML. OF SOLUTION

Fig. 9. Iodine titration curves for 13th and 14th day dent corn starch samplese.






134

3
tﬂ///”-
/
o
[ ]
l,/
® — - —

|
!
|
/M, . Q + O 1
/// , /
\ || o O
J/% . Z Z
] | , z L 2
\ ¥ & © S o
. , =S =z = W u
AR , S8 ol
\ o N
) ,OO, OAWI@UA
o | N N N I a

S5

| _ 1 |

0

S

O

S
30—

S

O

31dWNVS  WVYHOITTIN 001 /7 dNNnOg 3N






; 201h NIGHT () -
Cgb 2lst MORNING + —---—
@ HUSKED [ ———————
Lél BAGGED . —-————-
Q
o
W
o
N
=
<
(0
©
-
=
=
0 l | I I | | |
02 03 04 06 08 | 2 3 4

MG. OF FREE IODINE / 100. ML. OF SOLUTION

Fige 10. Iodine titration curves for 20th and 21st day samples of dent corn starch.







OF IODINE BOUND / 100 MILLIGRAM SAMPLE

- -— V) n W W » H
) n (@) () (@) n @ (8]
lll']llllrll1llfﬁll]lllllllll]lllllﬁ
~ .0
_‘\\i‘:c\o\~
~ %30 o~
\Q\
- *"‘\\m‘__g\o\\e\
-
~m
~n__

I X g O
5 & G F
X2 Z2 =2
o & O
DIJI:U

= 45 Z

< Z

) ()
0O < @ O

—— — o——— — -
—— - - ——
-

-

St







< 25 po-
(o - |
Z L |
O 20+
m L
w L 1I3tn. MORNING © -
g; : o
S '-5_L 13th NIGHT _.
wo [ 14tn MORNING + —---—
w [
w 10— HUSKED e R
2 BAGGED T
m -
S
4 5+
:j L
= :‘34- [
o) e N S N N N | e
02 03 04 06 08 .| o 3 4

MG.OF FREE IODINE / I00.ML. OF SOLUTION

Fig. 11. Iodine titration curves for 13th and 1kth day sweet corn starch samples.






3JOUND / 100. MILLIGRAM SAMPLE







starch.

- 30— / ) -
S I
II /! &
~ 9 /
A 2.9— ,/ ,; | ,1-
Z / ! '
> ’/ /
o 9 .
© 20— ! f /
W / 7‘ d 201, MORNING  © -
S 15 / / ,’, 2031 NIGHT ® --
L 7/ l/ /’ 21lst MORNING + —---—
(@) o /
. HUSKE D O ----—-
m lOL;/ +/ /,
z | . BAGGED -
(0 ot !
© .
5 5 /
-J
S -
0 | ] l | I I | | |
02 03 04 .06 08 . 2 3 4
MG. OF FREE IODINE / I100.ML. OF SOLUTION
Fig. 12. Iodine titration curves for 20th and 2lst day samples of sweet corn







100. MILLIGRAM SAMPLE

/

1.2

1O+

I3rh MORNING +
HUSKED O

BAGGED =

LET






"t e

100. B

IODINE BOUND /

MILLIGRAMS OF

12.

Q
a
a
a
a
a
a
+ +F
+ +++++
l | | 1 [ 11 ]] l | |
02 03 04 06 08 | 2 3 4

MG. OF FREE IODINE / I00.ML. OF SOLUTION

Trndine titration curves for 13th day samples of waxy maize starch.







138

+
a +
o +
+
o
| ] GD+.
»
n n_+
u a *t
8 o
Gf
* g
a .
ID
® g
a + = .
S .
Z
S o
()
M_u._nLE
g &b 3
O O «
N I o
[ | | 1
N o) ..r < Lu[n/_

31dWVS 'OW ‘00l / ONNOE 3NIQO







';fﬂ_

g BAGGED
Q ] a ¥
94-— o
5 _—
S )
E% jar* . Q +
a " a
w - - GCI +
Z
o o . * o9 7
_O_ a (] = +
[ ] a a +
(T ] a +~-+
© N | = -Cl a® +
6 - C]. a +
= +
03 04 06 08 | 2 S 4 5 6

MG. OF FREE IODINE / 100.ML. OF SOLUTION

Fig. 14. Iodine titration curves for 20th day samples of waxy maize starch.






~
@)

0
(@]

0
o

H
o

O
(@)

MG OF IODINE BOUND/ 100. MG. SAMPLE

PLANT GROWN
IN SHADE

PLANT GROWN
UNDER LIGHT
AT NIGHT

6¢T

REGULAR (CONTROL) +

. O







6T

:i AV

wn

2

= 40—

o

9 -

~ /o PLANT GROWN o —-—
o 30— * IN SHADE

< ©

3 | ' / PLANT GROWN

@ o UNDER LIGHT O ———--
Ly 20— 0 AT NIGHT

Z ! /

S - f p REGULAR (CONTROL) +

— /

o ' o

o) — ° 7’ ofr o

> l oo 1 |
o] 02 03 05 07 | 2 3

MG. OF FREE IODINE / 100.ML.OF SOLUTION

Fig. 15. Iodine titration curves for samples of mature potato starch produced

under varlous conditionse.






140

Table 22. Acid hydrolysis of 13th day waxy maize I starch

Refluxed at 99.0°C and pH = 4.24,
statistical rmodel.

Theoretical Xn based on

)

Hrs. Pw x 107 Theor.
refluxed .}QL

0.5 105 2270
1.0 83.5 2160
2.0 53.7 1731
3.0 3746 1450
50 21.5 1093
740 15.8 936
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Pig. 16. Acid hydrolysis of 13th day waxy maize starch,
sample I. Points were obtained from Mw using 5.8%
branching for the statistical model.
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Fig. 17. The 0.5 hour sample of waxy maize I starch. Mw = 105 x 106.
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Fig. 18. The 1.0 hour sample of waxy maize I starch. Mw = 83.5 x 106.
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Fig. 19. The 2.0 hour sample of waxy maize I starch. MMw = 53.7 x 106.
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Fig. 20. The 3.0 hour sample of waxy maize I starch. Mw = 37.6 x 106.
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Fig. 21. The 5.0 hour sample of waxy maize I starch. Mw = 21.5 x 10°.
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Table 23. Aclid hydrolysis of 13th day waxy maize II starch

Refluxed at 99.0°C and pH = 4,24. Theoretical Xn based on
statistical model.

Hrs. #w x 1070 Theor.
refluxed Tn
2.0 5546 1765
50 18.8 1021
7.0 ' 13.3 858
10.0 7+91 660
13.0 6.02 575
16.0 3467 4147

27.0 1.48 281
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Pige 23. Acid hydrolysis of 13th day waxy maize stareh, same-
ple II. Foints were obtained from Mv using 5.8% branching
for the statistical model.
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Fig. 27. The 10.0 hour sample of waxy maize II starch. = 7.01 v 1n0
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Fig. 28. The 13.0 hour sample of waxy maize II starch. Mw = 6.02 x 10°.
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Table 24, Acid hydrolysis of 13th day waxy maize III starch.

Refluxed at 99.0°C and pH = 4,24, Theoretical Xn based on
statistical model.

Hrs. W x 1076 Theor.
refluxed T

0 168 3070
3.0 43,0 1550
6.0 18.3 1009
10.0 9.1 709

14.0 5425 536
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Fig. 31. Acld hydrolysis of 13th day waxy maize starch,
sample III. Points were obtained from Mw using 5.8%
branching for the statistical model.
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Fig. 32. Waxy maize III starch. Mw = 168. x 106.
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Fig. 33. The 3.0 hour sample of waxy maize III starch. Mw = 43 x 106.
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Fige 34. The 6.0 hour sample of waxy maize III starch. Mw = 18.3 x 106.

91



13.

12.

I
10.

——

1,095 - 1072 GM/ML: / /
[ 5.07 - 1073
-
5 /129 04
a -4
/ /~—279 - 10
— j[ |
WA
| | 1 | | 1
0 2 & , 6 8 10 12 14
SIN2©/2 + 3190.C

Fig. 35. The 10.0 hour saumple of waxy maize III starch. Mw = 9.1 x 106.

o1



141~ 1395 - 107 GM/ML: a4

2= 646105

.64 <1074

356 - 10-2

| L | L 1

|
i) 2 a 6 8 10 1.2 L4
SIN28/2 + 2505.C

Fig. 36. The 14.0 hour sample of waxy maize IIT starch. Mw = 5.2% x 106.

tot



164
Table 25. Acid hydrolysis of 13th day waxy maize IV starch.

Refluxed at 98.0°C and rH 4.23. Theoretical Xn based on
statistical model. Observed Xn obtained from f. no. and alk.

no. according to Kerr et. al. (13).

6 -

Hrs. Mw x 10 Theor. Xn Xn
refluxed -
Xn (feno.) (alkeno.)
(o} 168 3070 6160 8960
8650
8.0 14,0 881 760 859
19.0 3.76 452 276 493

3240 1.46 279 182 360
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Fig. 37. Acid hydrolysis of 13th day waxy maize starch sam=
ple IV. (0) Xn obtained from f. no. (@) from alk.
no. (+) from light scattering using 9.8% branching
for the statistical model.
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Fig. 38. The 8.0 hour sample of waxy maize IV starch. Mw = 14,0 x 10°.
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Pig. 39. The 19,0 hour sample of waxy maize IV starch. Fw = 3.76 x 10" .
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Fig. 40. The 32.0 hour sample of waxy maize IV starch. Mw = 1.%6 x 10°.
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Table 26. Acid hydrolysis of mature dent corn amylopectin.

Refluxed at 99.5°C and pH = 4.22. Theoretical Xn based on statistical model
assuming 4%, 6%, and 50% branching. Observed Xn obtained from alk. no. and f. no.
according to Kerr et. al. (13).

Hrs. ﬁwxlo"6 Theor. Theor. Theor. in i-n

refluxed _Xn Xn Xn _ (fo no.) (alk. no.)
0 L5 1890 1560 45 - 3090

10,0 6.50 710 588 282 342 w20

22.0 2.23 411 338 165 169 386

69T



170

60
STATISTICAL ; 50.%
50.
E NO.
40/
< ALK. NO.
o
Z
@
20~ |
STATISTICAL; 6.%
0.
Z/ STATISTICAL ; 4.%
0 | l | l
0 5 0 15 20 25

HOURS REFLUXED AT pH=422 AND
99.5°C IN ACETATE 'BUFFER

Fig. 41, Acid hydrolysis of mature dent corn amylopectin.
(0) Tn from f. no.; (®) Xn from alk. no.; (+) Xn from
1light scattering using 4%, 6%, and 50% degree branching
for the statistical model.
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Fig. 43. The 10.0 hour sample of mature dent corn amylopectin. Mw = 6.50 x 10°.
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Table 27. Acid hydrolysis of 1l4th day sweet corn amylopectin.

Refluxed at 99.5°C and pH = 4.22. Theoretical Xn based on statistical and less
random models I and V. Observed Xn obtained from f. no. and alk. no. according to

Kerr g&‘ gl' (13)0

Hrs. Tw x 107 T Zn %n n n
refluxed (Stat.) (odel I) (Model V) (f. no.) (alke no.)
0] 15.8 810 1100 1575 260 524
10.0 1.48 243 332 466 240 361
20.0 0.795 176 242 339 207 291

32.0 O.451 131 181 252 186 252
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Fig. 45. Acid hydrolysis of lith day sweet corn amylopectin. (0) Xn from f.no.
(@) from alk. no.j (+) from 1light scattering using 8.0% branching for
the statistical and two less random statistical models,
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Fig. 46. The 14th day sweet corn amylopectin. Mw = 15.8 x 106.
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Fig. 47. The 10.0 hour sample of 14th day sweet corn amylopectin. Mw = 1.48 x 106.
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The 20.0 hour sample of 14th day sweet corn amylopectin. Mw = 795,000.
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Fig. 49. The 32.0 hour sample of l%th day sweet corn amylopectin. Mw = 451,000.
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Table 28. Acid hydrolysis of 20th day sweet corn amylopectin.

Refluxed at 99.8°C and pH = 4.22., Theoretical Xn obtained
from Mw and Mw/4 assuming the statistical model. Observed

Xn obtained from alk. no. and f. no. according to Kerr et. al.

(13).

Hrs. Mw x 10"6 Xn Xn Xn Xn
refluxed (Mw)  (Fw/h) (f. no.) (alk. no.)
o] L3 1320 659 717 702
10.57 6.0 490 242 406 742
20.25 2.80 332 164 278 268

33.5 l.22 218 106 243 248
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Fig. 50. Acid hydrolysis of 20th day sweet corn amylopectin.
(0) Xn obtained from f. no.; (®) from alk. no.3 (+)
from 1ight scattering Nw and Mw/4.




1200 * 1072 GM/ML:

5.57 107







O 9.91° e

v VA

/. 3.06- 104
: |

10
5

-4

- 41310
/. J
0 | | | | ! | 1
0 2 4 6 8 10 12 1.4
SIN°>e/2 + 2910.C

Fig. 51. The 20th day sweet corn amylopectin. Nw = L3 x 106.
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Fig. 53. The 20.25 hour sample of 20th day sweet corn amylopeetin.
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Refluxed at 99.8.(: and pH = )4'022-

random models I and V.

Table 29.

Kerr et. al. (13).

Acid hydrolysis of "mature" sweet corn glycogen.

Theoretical Xn based on statistical and less
Observed Xn obtained from f. no. and alk. no. according to

Hrs. Tw x 10°° T %n n %n Zn L
refluxed (Stat.) (Model I)  (Model V) (f. no.)  (alk. no.) X
0 18.5 843 1140 1610 533 7530
10.0 3.50 364 %93 691 471 10,190
20.0 2.53 318 419 645 419 2490
35.0 1.97 272 369 519 370 504
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Fige 55« Acid hydrolysis of sweet corn glycozen. (O) Xn from f. no.; (®) from alk.

no.; (+) from light scattering using 8,67 branching for the statistical
and two less random statistical modelse.
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Fig. 57. The 10.0 hour sample of glycogen. Mw = 3.50 x 10,
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Table 30. Acid hydrolysis of corn arylopectin and glycogen.

Points were obtained from Mw assuming the glycogen and amyloe-
pectin behave as linear polymers (Mw~2Mn). Refluxed at pH =
h.2.

14th day sweet 13th day Sweet corn
amylopectin waxy IV glycogen
amylopectin

Hrs. Xn Hrs. Xn Hrs. Xn
refluxed refluxed refluxed

0 48,700 0 519,000 0 57,000
10 4,570 8 43,200 10 10,800
20 2,450 19 11,600 20 7,800

32 1,390 32 L, 500 35 6,080
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glycogen (+). Points were obtained from Mw assuming the sam-
ples behave as linear polymers (Mw =2 Mn for large Mn). The
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Table 31. Pentasol dispersion of 1lith day dent starch granules.

Refluxed in unbuffered and buffered Pentasol solutions. MNolecu-
lar welghts of the resulting anylopectins.

Theoretical Xn based on the statistical model. Observed Xn
obtained from the alke. no. according to Kerr et. al. (13).

6

Amylopectin Solvent Mw x 10”° Theor. Xn
san ple In

20 hrs., buffered H,0 168 2880 -

3 hrs., unbuffered N KOH 168 2880 2670
6 hrs., unbuffered N KOH 118 2390 1305
6 hrs., unbuffered H,0 98 2180 1305
8 hrs., unbuffered N KOH 28.6 1170 801
8 hrs., unbuffered H,0 244 1081 801
10 hrs., unbuffered H,0 12.2 764 740

14 hrs., unbuffered H,0 3.97 k432 392
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The above roints wvere obtained from the branched eonpon-

ent. (+) Xn obtained from light scattering using H20 as
solvent; (X) from light scattering using 1 N KOH as solvent;
(®) from alk. no.
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Table 32. Sedimentation coefficients for 14th day dent corn

amylopectin.

Amylopectin was dispersed for 20 hours in buffered Pentasol
solution. Bridgmann's values of V = 0,65 and Dyg = 0.5 x 10"7

were used to calculate the wmolecular weight.

C x 10° (gm./ml.) 1.586 0.529  0.1586
S50 (in Svedburgs) 36.2 106 257

Extrapolated valuet Sio = 625 8

¥ (s,D) = 87 x 10°
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Table 33. Sedinentation coefficients for 13th day
waxy maize starch.
The 13th day waxy maize I and III starch sarples were dis-
persed at 113°C in 6 Lk LiBr for 9 hours and at 125°C in 8 M
IiBr for 6 hours, respectively. Bridgmann's values of V =
0465 and Doy = 0.5 x 1077 and 1.1 x 1077 for fast and slow

components, respectively, were used to calculate the molecular

weight.

Waxy I starch (fast component)
C x 10° (gm./ml.) 1.008 0,501 O0.454% 0,200 0,045 0,045k
S, (in Svedburgs) 95 141 223 296 331. 5952
Extrapolated valuet 820 = 720 §

f (s,D) = 100 x 10°

Waxy III starch (fast component)
C x 10° (gn./ml.) 0.57% 0.491 0.1648  0.0kOk
820(1n Svedburgs) 11k 131 386 610
Extrapolate: value: Sioz 870 s

M (s,D) = 120 x 10%

Waxy 1 starch (slow couponent)

C x 10° (gm./rl.) 1.008 0.501 04200
320 (in Svedburgs) 17 20 9L
M (s,D) = 1.26 x 10° for sgo =20 8

I (8,D)

I

5.9 x 100 for s§° =94 g
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Table 33. (Continued)

Waxy III starch (slow component)
¢ x 10% (gm./rl.) 0574 0.491
850 (in Svedburgs) 42 Ll




213

0 [ | I | I R | I |
0 2 4 > 6 8 1.O
C- 10 GM./ ML.
Fig. 76. (O) 13th day waxy maize starch sarple III; (0) 13th
day waxy malze starch sample I. Extrapolation of

sedimentation coefficients to zero concentration.




Fig. 77. Picture showlng light scattering clarification
method.
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