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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 considered as a reserve poly­

saccharide of only the animal kingdot:. Starch, a reserve 

polysaccharide for plants, was considered as being both chem­

ically and Tohysically different fror. glycogen. In the last 

10 or 15 years, Meyer (1) and many others have proclaiied that 

neither starch nor glycogen is a chendcal identity . 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, Handlton and Carlson (2) observed that the poly­

saccharide synthesized by Neisseria Derflava cultures has 

properties similar to those of amylopectin, the branched COE;-

ponent of starch, while the polysaccharide synthesized by its 

cell-free enzyme syster; resec-bles that of glycogen. Barker, 

et. al. (3)» using a different strain of Neisseria nerflava1 

foxind that the polysaccharide synthesize:! by sucrose cultures 

had properties between glycogen and amylopectin. By changing 

the feed for starved rabbits froi: 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 
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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 phosnhorylase enzymes. 

Starch consists of both a linear component called amylose 

and a branched component called ar^ ylopectin. Therefore the 

production of starch in sweet corn endosperm involves a three 

fold query: How can the highly branched glycogen, the lesser 

branched amylopectin, and the completely unbranched amylose 

be produced in the sacie cells and in the same vicinity In 

these cells? Cumulative evidence seen r: to noint towards gly­

cogen as being an intermediate In the synthesis of starch. 

Therefore the following sequence is proposed: 

sucrose —>- glycogen —>• amylose + amylopectin 

The conversion of glycogen into starch can best be ex­

plained by assur.iinp an irreversible debranching of the glycogen 

followed by the connecting of these linear debranched chains 

to form amylose. The partially debranched glycogen is called 

amylopectin. The production of longer unbranched chains in 

the amylopectin allows this partially debranched glycogen and 

amylose to crystallize out of solution in the formi of starch 

granules, the variation in the rate of crystallization 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 is possible that amylose 

Is produced during the day and amylopectin during the night. 

The twelve hour variations in yield and per cent amylose in 

corn starch were studied in order to determine if such a proc­

ess occurs. 

In order to study the effect of light on per cent amylose, 

potato plants were grown under three different conditions: a 

small arount of light, normal day light, and almost continuous 

lighting. 

A study of how starch is produced also involves a study 

of the structure of the components of starch. A statistical 

model based on the random condensation of glucose units was 

developed (?)• It is known that all of the 1,^-linkages in 

amylopectin and glycogen are acid hydrolyzed at the same rate. 

Acid hydrolysis would therefore be a reverse of a random con­

densation reaction. If aKiylopectin and glycogen ar( produced 

randomly as in a hypothetical 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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Add degradation studies were therefore made on waxy, dent 

and sweet corn amylopectins and on sweet corn glycogen. 

The high molecular welf^hts of amylopectln obtained by 

light scattering methods have been subjected to much criti­

cism. The statistical model predicts that the weight average 

molecular weight v/ill be at least around 100 times the number 

average molecular weight. 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 dispersing the granules in order to show that 

this great difference is not due to the presence of a small 

amount of extremely large particles. 
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II. STRUCTtmE AND BIOSYNTHESIS OF STARCH AND GLYCOGEN 

!• Develoianent of statistical model 

Erlander and French have developed a statistical model 

for a branched polymer built from a monomeric unit (such as 

gluco5?e) which has two types of reactive groups (aldehydlc 

and alcoholic). The treatment differs frorr that of Flory (9) 

in that the different B groups in the A-R-B^_^ monomer have 

differing reactivities instead of equal reactivities. In 

applying this to carbohydrate chemistry glucose may be used 

to represent three different types of A-B-B^_2^ monomers. In 

each case the aldehydlc group of glucose represents the A 

functional group and the alcohol grout)s represent the f-1 B-

jpunctional groups. Glucose may be represented as A-B if the 

functionality of the glucose monomer is two. V/hen B repre­

sents the alcohol group on carbon atoip. 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 Bj^ and Bg representing the alcohol groups on car­

bon atoms four and six. The condensation of such units would 

A. Statistical Model 

B, 
'2 
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give polymers resembling amylopectin and glycogen. Similarly 

for f = 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 

As noted above the glucose unit in starch or glycogen 

can be considered as an A-R-Bj_^ monomer when f = 3» the A 

group representing the potential aldehydic group and the 

and Bg groups any two alcoholic groups on the glucose monomer. 

Since amylopectin and glycogen consist essentially of 1,^-

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

forming a linkage at Bj^ and B^, respectively. If there is 

A 

(7). 

unit monomer having probabilities pj^ and p^ for 



Pig. 1. Representation of glucose as various 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 glucosidlc bonds may be 

or ̂  or a mixture of and . 

From the paper by F.rlander and French (7) the molecular 

weights of amylopectin and glycogen are 

= 162/(1-Pi^-P^) 

= I62(l-pg -P5)/(1-Pi^-P5)^ 

162 ^(1-Pi^-P6)(l-P^-P|) -2(l-pi^-p^) (^p^(l-pi^) + pfCl-P^)] 

- +3(1-P^-P6) [Pi^d-Pi^) +P6d-P6)]^ 

(i-Pi^-Pe)^ (1-p? 'vl) 

Here and are equal to the number-average, weight-

average, and z-average molecular weights. 

Using a different approach, Allen (10) has developed an 

equation for the mole fraction of the bj^, bg -mer in the con­

densation of A-R-Bg 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 equationj. 

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 sterlc hindrance of the 

existing branch noint. Two less random statistical models 

were therefore devised in order to determine whether they too 

would give a large difference between Mw and Kn. 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 If, 5, and 

10,% branching, resr^ectively (see Pig. 2). The letters A and 

have been attached to signify the aldehydic group and al­

coholic groups that are canable of reacting. All 1,^-linkages 

are horizontal and the 1,6-llnkage is vertical. Both 

groups form 1,V linkages and their probability of reacting Is 

. The molecular weights for the condensation of such 

monomer units are: 

Mn = 162 Y / (1-2 cX) and i?w = l62 Y (1-2 cK^)/(l-2o<)2 

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 Pig. 2. Alternate units in the polymer 

are distinguished one from the other. 

The less random rodel I, as illustrated in Pig. 2, is 

made from "monomer" units that consist of all l,l+-linked glu­

cose units. The and B^ groups representing the h 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 is represented by 



Pig. 2. Illustration of the 

comparison of their 

statistical model. 

two less random models and a 

molecular weights with the 
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LESS RANDOM MODEL V 
w V W W w W w w  D 4  

A A Q 

"MONOMER" UNIT = 20 GLUCOSE 
UNITS FOR 5% BRANCHING 
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Be I o ^ 

A f  t t t t f t t  B.  A-— 
\ 
\ 

\ I 

"MONOMER" UNIT = 10 GLUCOSE UNITS 
) 

FOR 5% BRANCHING ; F2]. = Pg 

MODEL Mw MW/MN 
STATISTICAL IC v in® t / \ r \  N  O . i - .  
MODEL 243,000. 

MODEL I 18.5X10^ 76. [ XN= 1,500. 

MODEL V 9.4 X10 39. ) 5.% BRANCHING 
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a line or a dotted line. During polymerization of this theo­

retical "monomer", half of the condensations with the A group 

occur with the gronp and the other half with the group. 

Because a branch Is formed only when the B^ group reacts, then 

ten glucose residues instead of twenty as in model V are needed 

to give branching. Therefore the difference between the 

two models Is that the 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 is reached. The 

weight average molecular v/elghts for the statistical and two 

less random statistical models for a given number average 

degree of polymerization and per cent branching are compared 

In Pig. 2. It is seen that the ratio MwAtn 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 weights of amylopectln obtained by vari­

ous methods were due to some physical factor such as degrada­

tion or aggregation or to inaccuracies of the chemical or 

physical methods used to deterrine these irolecular weights. 

Literature values for the weight average raolecular weights 

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

of A-B units) (11) the ratio Mw / Mn a^^proaches two with in­

creasing size, but in randomly branched polymers (where f is 

greater than 2) >!w / Mn depends on the molecular size increas­

ing without limit and in the range of amylopectin and glycogen 

may easily be in the hundreds. 

To illustrate this, molecular weights for different de­

grees of poljmierization have been calculated and are given in 

Table 1. The results show that, if corn amylopectin (^^ 

branching), potato amylopectin {5% branching), or glycogen 

(10^ branching) resemble a statistical model, then a large 

difference between weight-and number-average molecular weights 

is to be exnected. It should be pointed out that Mw increases 

as the degree of branching increases for a given 3Ch, the num­

ber average degree of poljTnerization. 

Table 1 illustrates the change in Mw with a change in the 

degree of branching at constant Mn, the change in Mw with a 

change in Mn at a constant degree of branching, and the change 

in Mn 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 fractions 

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 
branchine 5&1 Fin Hw 

h 
5 
10 
V 
5 

1000 
1000 
1000 
1500 
1500 

162,000 
162,000 
162,000 
2^3,000 
2^3,000 

12,800,000 
15,700,000 
29,500,000 
28,500,000 
35,100,000 

5 
10 
h 

1500 
10,000 
10,000 
10,000 

1675 

2lf3,000 
1,620,000 
1,620,000 
1,620,000 
271,000 

66,000,000 
1,^0,000,000 
1,540,000,000 
2,920,000,000 

35,000,000 

5 
10 
5 
10 

1500 
1100 
550 
hOO 

2^3,000 
178,000 
89,100 
6U,8oo 

35,000,000 
35,000,000 
5,000,000 
5,000,000 

in Table 2. In order to avoid the laborious calcul itions for 

each x-mer one can find the approximate weight per cent of 

all molecules between two x-mers by using the tranezoidal 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 weight-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 In-sccur-^cy 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. Weight per cent of "fractions" for the statistical 

model of arylopectln and for the less random model V 

Sii = 1500, Mw = 35 X 10^, 5^ branching, for statistical model 
_ _ /• 

Xn 5= 2900, = 35 X lf5 » '% branching for lesr, random model V 

The theoretical distribution obtained from these "fractions" 

are plotted in Fig. 3« 

No. of 
glucose 
units in 
x-mer 

^-6 Wt, Wt. of Av. _ 
fraction "fractions" I'V/xlO~^ of 
of x-mer for "fraction" 

r, statistical 
X 10**^ model 

Wt. % of 
"fraction" 
for less random 
model V 

1x10^ 

1x10^ 

1x10^ 

5x10^ 

1x10^ 

2x10^ 

3x10^ 

UxlO^ 

5x10^ 

6x10^ 

7x10^ 

1x10^ 

2x10^ 

3x10^ 

Total 

9^5^ 

272 ̂  

8if.6 

3^.5^ 

21.7^ 

12.2 1 

] 
] 

7.87 

5.VO 

3.83 

2.77 

I.7I+ 

0.8k 

1 
1 
1 
J 

\ 0.059 

0.00396 3 

3.7 

16,5 

23.8 

IV.O 

16.9 

10.0 

6.6 

if.6 

3.3 

2.3 

3.9 

k.5 

0.3 

.iio.U^ 

0.081 

0.89 

U.85 

12.2 

2U.3 

U0.5 

57.7 

73 

89 

105 

138 

2^3 

U05 

16.1 

2U.0 

IU.2 

17.1 

11.0 

7.6 

U.6 

3.3 

2.^ 

^.3 

^.5 

0.3 

113.8^ 



Fig. 3* Wltnauer, Sentl, and Stern's "distribution" is compared to essentially 

coincident distributions of the statistical and the two less random 

statistical laodels of potato amylopectin. Mw = 35 * 10^ for the three 

models and for the potato amylopectin. 
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obtained from Wltnauer, Sentl and Stern's results (12). Their 

narrower distribution may be due to the overlapping of the 

fractions obtained by nreclpitatlon of potato amylopectin with 

alcohol. Or it i ay also be due to the chemical bonding of 

the starch T olecules around a protein molecule. This will be 

discussed in more detail later. 

An insight to the change in molecular weight from a loss 

of either high or low weir^ht fractions can be obtained from 

Table 2. A weight-average molecular weight of 37 x 10^ is 

obtained from tho "fractions" by r.ultinlying all of the aver­

age molecular weights of the "fraction" by their corresponding 

weight per cent, adding these calculations, and dividing by 

the total percentage. Mw = 37 x 10^ is in close agreement 

with the actual !fw of 35 x 10^ 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 weight of less than 

one or two million have little effect on Mw. 

In Tables U and 5 are listed some literature values for 

amylopectin and glycogen. Also theoretical values for their 

corresponding Mw or TO, assuming a statistical model, are in­

cluded in these tables. These literature values for Mn and 

are compared to the three models in Figs. U, and 6. 

According to Kerr et. (13), aggregation occurs in chloro-



19 

Table 3* Change in molecular weight of the statistical 

model from a loss of high or low "fractions" 

3&1 = 1500 and Mn = 2^+3,000 

MW range of 
fraction lost 

Total wt. 
% lost 

Resulting Mw AMw X 10 

None None 37,000,000 0.0 

<162,000 k 38,000,000 +1 

<1,620,000 20 l)-3,000,000 •»6 

>162,000,000 5 28,000,000 -9 

>81,000,000 Ih 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 osmotic pressure 

plots that there is a change in direction of the experimental 

curve at concentration around 0,^% and thus an extrapolation 

from high concentrations would give a high molecular weight. 

In general the values for amylopectin agree quite well. Ex­

cept for commercial glycogen the values for glycogen do not 

agree. They probably disagree because of eri'ors (such as ag­

gregation for osmotic pressure measurements) involved in ob­

taining Kn and because of the extreme degradation involved 
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Table Ua. Stane literature values for weight- and number -

average molecular weights of amylopectin. Theoretical molecu­

lar weights based on the statistical model are Included. 

Literature values for weight-average molecular weights of 

amylopectin. 

Amylopectln Mw X 10 -6 Theor< 
Xn 

Method 

Potato (12) 36 

(12) Ih 

(15) 0.92 

Dent corn (l6) 3 to 8 

(17) 80 

(17) ^3 

Easter lily (18) 250 

1500 

1000 

250 

500 to 800 

2500 

1850 

U300 

Light scattering 

Light scattering 

Ultracentrlfuge 

Ultracentrifuge 

Light scattering 

Light scattering 

Light scattering 
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Table Ub. Literature values for number-average ciolecular 

weights of amylopectin 

Amylopectin Theor. 

Kw X 10 -6 
In Method 

Potato (19) 

(20) 

Dent corn (21) 

(22) 

(13) 

Waxy corn (21) 

Corn, wheat, 
Easter lily, 
tapioca, 
sago (23) 

Tapioca (2^) 

(13) 

Apple (25) 

19 

33 

12.8 

>20 

26 

11.5 

U90 
to 

17,000 

88 

21 

220 

1100 

11^50 

1000 

>1200 

iMfO 

930 

6200 
to 

37,000 

2620 

1275 

U200 

Dinitrosalicylate 

Osmotic pressure 

Dinitrosalicylate 

Methylation and terminal 
group assay 

Osmotic pressure 

Dinitrosalicylate 

Osmotic pressure 

Colorimetric 

Osmotic pressure 

Osmotic pressure 
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Table 5a* Some literature values for weight- and number-

average molecular weights of glycogen. Theoretical molecular 

weights are based on the statistical model. 

Literature values for weight-average molecular weights of 

glycogen. 

Glycogen Mw x 10*"^ Theor. Method 

^ 
Rabbit iruscle, 
rabbit, cat, 
fetal sheep 
liver (26) 

2.8 
to 
lh,8 

300 
to 

700 
Light scattering 

Rabbit liver, 
horse, rabbit, 
human Euscle (27) 

2.6 
to 

k.k 

300 
to 

380 

Sedimentation, dif' 
fusion 

Rabbit liver, 
Kuscle (28) 

6.3 to 
18.5 U50 to 

Boo 
Light scattering 

Rabbit, dogfish 
hakefish, haddock 
liver, dogfish 
muscle (29) 

1.0 
to 

3.6 

200 
to 

350 

Sedimentation, 
diffusion 

Rabbit, cat liver 
rabbit muscle (30) 

1 to 
7 

200 to 
500 

Turbidity 

Rabbit liver 
fraction (31) 

500 ^100 Not known 

Rabbit liver (32) k 360 Sedirrentatlon, 
diffusion 

As<?apJ,? lmb?7i-
coides (26) 8.8 550 Light scattering 

(27) 0.77 150 Sedimentation, 
diffusion 

Commercial (28) 3.6 to 
5.8 

Light scattering 
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Table 5b• Literature values for nunber-average molecular 

weights of glycogen 

Glycogen Xn Kethod 

Rabbit liver (2?) 

Rabbit liver (33) 

coides (27) 

Commercial (13) 

Dog liver (13) 

Dogfish, haddock, 
hake liver (33) 

3100 to 12,500 Osmotic pressure 

3000 Osmotic pressure 

620 to 3100 

500 

5300 

Osmotic pressure 

Osmotic pressure 

Osmotic pressure 

13^+0 to 12,000 Osir.otic pressure 



Pig. U. Literature values for com amylopectin. Each horizontal or vertical line 

represents, respectively, a literature value for ito or Mw as given in 

Table 2. Intersection of these lines illustrates how literature values 

compare to the three models and to r.r.'lyi ers forced froE; A-B units. 
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Fig. 5* Literature values for potato amylopectin. Each horizontal or vertical 

line represents, respectively, a literature value for Mja or Kw as 

given in Table 2. Intersection of these lines illustrates how litera­

ture values compare to the three models arid 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 lumbricoldes glycogen. These points 

representing all possible Fin and Mw combinations of literature values 

as given in Table 3 are co? pared to the three models for 5 and 10% 

degree of branching. The 50;^ branched statistical model represents 

Flory's (9) derivation where Pi^ = P^ = • The model for linear 

polyiiers (condensation of A-B units) is included for comparison. 
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In Isolating the animal glycogen. Recently a weight average 

molecular weight of 70.8 x 10^ was obtained for rat liver 

glycogen by keening degradation to a minimum (lU), Such a 

high molecular weight fror. light scattering data agrees well 

with that predicted by the statistical model. 

B. A Model for the Average Statistical Molecule 

1. Development of the average statistical molecule 

In order to consider what the average statistical mole­

cule will look like, we have to consider what will be the 

average distance between branch points in the interior part 

of the molecule and the aver^if^o distance from the outer moat 

branches to the non-reducing end. Let us define a branch 

point as a glucose unit which has a linkage at position 6. 

Let the probabilities of forming linkages at carbon 6 and car­

bon U be p^ and p^^ as above. Starting with any of the outer­

most branch points on any x-mer, the probability that a chain 

of n units, united by l,U-linkages, is linked to the U-

position of this outer branch point is p[J ; that the last glu­

cose unit has a free ^-position is (l-pj^); and the probability 

that all the n units have their 6-position free is (l-p^)*^ . 

Thus the probability that a chain selected at random will be 

such a chain of length n is Pi^^ (1-p^)^ (1-Pl^). 

The probability that a chain has n + 1 glucose units, 

united by l,H-linkages, and is linked to the 6 position of 
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this branch Dolnt is • And as above the probability of 

finding such a chain of length n + 1 is (l-p^)'^(l-pi^)« 

With similar reasoning for the interior part of a mole­

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

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

xth glucose unit has a linkage at its 6-posltion is pi^* 

P6 (1-Pi^) or pi^* (1-pg)*"^ p^pi^ depending on whether 

the last glucose unit has a linkage at its U-Dosition. Sim­

ilarly for a chain of length x + 1 linked at the 6-position 

of the branch point we have 

(l-p^)*"^ p^ (1-Pi^) or pi^* (1-pg)*"^ p^ Pl^ 

The exact probability again depends on the fate of the last 

glucose unit. 

If Pi+>)>P5» "the formation of the 1,6-linkage can be con­

sidered as an initiation step and is not involved in the rate 

of formation of the 1,^-linked chain which grows from it. 

When p^ = Pi^» both chains will grow at the same average rate 

from the initial glucose unit and thus their average length 

will be the sai e. When Pi^>^P^j both chains will grow at the 

same rate fror the isomaltose unit and therefore the chain 

linked to the 6-T)osition of the initial glucose unit will be 

one unit longer than the chain linked to the U-positlon. For 

intermediate cases where pi^^p^, the chain linked to the 6-

position will be P^/Pi^ units longer than the other. In the 

case of glycogen Pi^^^P^ and therefore the branch point can 
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be considered as an Isomaltose unit with equal average chains 

growing from it# 

If we now consider the branch point as an Isomaltose unit 

and neglect the fate of the U- and 6-posltlon on the last 

glucose units, then the above probabilities for the exterior 

and Interior chains become, respectively, (l-p^)°~^ and 

pj^* (l-p^)*~^ . Since p^ and pj^ are the same for both exteri­

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

the Interior and exterior chains is the same. A model con­

forming to these specifications is shown in Fig. 7* A re­

peating unit is develoT)ed for this average molecule because 

(1) all average chain lengths are the saine and (2) all 6-

posltlons 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 b^, 

b^-mer of a particular x-mer. In each bj^, b^-mer there will 

be b)^ l,V-llnkages and b^ 1,6-llnkages. A particular bi^, 

b^-mer will therefore exhibit Its own p^^ and p^ probabilities. 

All conceivable configurations of a particular bi^, b^-mer will 

exist and by the same reasoning above, the average for the 

Interior and exterior chain lengths of the bj^, b^-mer will 

be the same. The average molecule for the b^, b^-mer will 

have the same structure as the glycogen molecule in Fig. ?• 

The mole fraction of a particular bi^, b^-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 b|^, b^-mer which has its per cent branching equal to 

that predicted by the probability p^. Starting at this maxi-

mx«c mole fraction, the wole fraction will decrease symmetrical 

ly in going towards more 1,^-linkages on the one hand and more 

1,6-linkaKes on the other. Thus all the average molecules of 

the bi^, b^-mers will have their counterpart. By summing over 

all the average molecules of the bj^, b^-mers, we arrive at 

an average x-mer which is identical to the b^^, b^-mer having 

the maximum r ole fraction, that is, the one having its average 

interior and exterior chains in agreement with thnt predicted 

by pg. Consequently all the avera<Te x-mers will have the same 

tytie of configuration and spacing between branch points and 

therefore an average molecule can be visualized (see Fig. 7)» 

If the weight-average molecular weight is obtained experiment­

ally, then the average statistical molecule will have a molec­

ular weight equal to this Mw. Thus the size of the average 

statistical molecule will be equal to the average size of all 

the molecules. This size will vary depending on how the av­

erage size of all the molecules is obtained, that is, Mw, Mn, 

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 averafe branch length, and the average chain 
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length for all l,U-llnked glucose units regardless as to 

whether this chain has a branch on It will be called the aver­

age chain length. 

2. Properties of the average statistical molecule 

It can be seen from Fig. 7 or reasoning that exactly 

of all the glucose units in a statistical 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 peripheral branch point is associated 

with two outside branches containing a total of 20 glucose 

imlts. That is, In removing the outside tier of branches, 

all of the 20 units must be removed in order th-^t 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 nlctured in Fig. 7 will 

have exactly ^0^ 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,U-

llnkages are not, what will be the number-average degree of 
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polymerization for the resulting linear molecules? Every 

branch point will yield a single chain. Consequently, the 

3^ 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 is thus experimentally ob­

tainable fro) the per cent of branching. 

Further verification of this can be made using the aver­

age statistical irolecule. Let us assur e that the 1,6-linkages 

are cleaved tier by tier starting vith the outside tier and 

working inward. It may be seen that ^0% of the glucose units 

are on the outside tier and ^^0% of these are connected by a 

1,6-linkage. Thus (1/2) of the total number of original 

units would be removed the first time, (1/2)^ the second and 

so on. The first chains removef' will be equal in length to 

the average branch length, L, the second cleavage will give 

chains equal to 2L and so on. Solving for we have 

5 ^ (l/2)^Y L t 2(1/2PT L * ̂ (1/2)^ 1 • . . . . 

^ (l/2)^y + (l/2)3y + il/2)\ + . . . . 

where y, the number of units in the original molecule, is in­

definitely large. Thus 

.n-1 

*n= 

L ̂ (n-l)(l/2)^ ^ 

n=l = n=l 

(x/2)" 21 ® 
n=2 n=2 
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where a = 1/2 

and we have ̂  = (^^2) ~ = the average chain length of the 

molecule. If axoylose were obtained by just cleaving the 1,6-

llnkapes, then its would be 20 for 5^ branching instead of 

the experimentally deterrined value of 200 or ir;ore. Conse­

quently, if glycogen is converted into amylopectin plus amy-

lose by debranching part of the glycogen, there must be some 

mechanisr. by which these debranched chains can be connected 

together in l,U-linkages. 

Bourne and Peat (3^) proposed that glucose-l-nhosphate 

is converted by phosphorylase to an intermediate having an 

avera'^e chain length of 20 units. This intermediate designated 

as pseudo-amylose was capable of being converted into either 

amylose by further use of phosphorylase or into amylopectin 

by means of an enzyme which would link the pseudo-amylose 

chains together through 1,6-linkages. 

Following this proposal, the mechanism of the branching 

enzyme has been clarified showing that such a mechanism for 

the production of amylopectin and amylose is iranossible (35i 

36). However, if one considers the reverse of the above de-

branching mechanism for the conversion of the statistical 

molecule into short chains, then these chains would resem.ble 

the pseudo-amylose intermediate. If ai ylopectin were formed 

from pseudo-amylose as postulated by Bourne and Peat, the 

outside branches would contain 6l% 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 corrplete equlllbrim of 

all the pseudo-amylose chains or the production of an irrevers­

ible highly ordered system. Most likely, the longer amylose 

chains would aggregate and precipitate froi the mediuri before 

complete equilibrium could be established. Therefore it is 

pointed out that without regard to the mechanlsir of the 

branching enzyme, the nseudo-amylose intermediate could not 

be converted into an amylopectin or glycogen of the statistical 

type. 

C. Enzyme Synthesis and Breakdown of Starch 

1. Properties of branching and debranchine enzymes 

A branched polysaccharide can be produced by the mixing 

of glucose-l-phosT)hate, phosnhorylase, and a branching enzyme 

(37). Without the branching enzyme a linear l,U-linked poly­

mer resembling amylose is produced. The extent of branching 

depends on the relative activity of the branching and phos-

phorylase 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 mechanism of the conver-
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slon of glucose-1-phosphate Is shown below (37)• The Q-

enzyme represents any branching enzyme, 

(A) ̂ + Q-enzyn e ̂  (B) Q-enzyme + (C)^ 

( B ) l  
(B) Q-enzyme + (D) ̂  I (D) ̂  + Q-enzyme 

The (A) arrow represents the linear chain produced by phos-

phorylase or an already formed branched polyi.er. The arrow 

on each chain represents the reducing group. The (C) arrow 

represents the resulting dextrin after the recoval of the 

linear chain (B) by the Q-enzyme. The chain complexed with 

the branching enzyme is then connected to the substrate (D) 

by an o(-l>6-linkaf;e. The receptor molecule (D) may be either 

(C), another linear chain, or a branched product formed ear­

lier. The size of the receptor i olecule is not important but 

it must have c<,-l,U-linked glucose units and cannot be cyclic. 

The branching enzyme is therefore a transglycosldase and 

requires no phosphate as is required by the phosnhorylase en­

zyme. Larner (39) proved this mechanism beautifully by the 

use of radioactive glucose units. TJider the conditions so 

far studied the branching enzynie does not seeii: to be reversible. 

However, Petrova (Uo) has found a branching enzyme in 

rabbit muscle which she claims is reversible. 

Two types of debranching enzymes have been found C+l). 

Both are irreversible and do not require phosphate in their 

mechanism. The R-enzyme obtained from the potato and broad-
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bean can hydrolyze the external branches of amylopectln as 

shown by the Increase in the v^^-amylolysis limits of amylo­

pectln or ^-dextrin after treatment with the R-enzyme. R-

enzyme cannot hydrolyze the external branches of glycogen 

and therefore a sterlc effect is associated with the de-

branching of branched polysaccharides. Iso-amvlase ("Amy-

losyn thease") is a debranching enzyrae found in Brewer's yeast 

and its action is similar to that of the R-enzyme. A second 

type of enzyme, ainylo-o^-l:6-glucosidase, can only remove 

single glucose units that are connected by an £?<-l,6-linkage 

to amylopectin or glycogen. 

2. Proposed theory for the formation of starch from glycogen 

Now that the important enzymes dealing with starch syn­

thesis and breakdown have been reviewed, a postulation on 

how amylose and amylopectin m.ay be produced fron; glycogen 

will be made. As noted above a irechanism must account for the 

large size of the amylose molecules since debranchlng of gly­

cogen yields only small chains. Also since the 1,6-linkage 

is more stable than the l,U-llnkage (37) and the conversion 

of glycogen to starch is a conversion to a less random state, 

energy is required to forr^ starch from glycogen. The following 

mechanism is therefore postulated: 

glycogen + DE-P —^ DE-Gx + amylopectln-P 

DE-Gx + Gn ^ G(n + x) + DE 



DE + ATP DE-P + ADP 

or the overall mechanism would be 

ATP ADP 

glycogen + Gn amylopect in-P-»<}( IH3C) 

DE-enzyme 

The phosphorylated debranching enzyme, DE-P, transfers its 

phosphate group to the branch point 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 phosphatase if not sterically hindered to this 

enzyme. The complex 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 remembered that the average 

statistical molecule is an average of all of the possible 

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 susceptible to 

the debranching enzyme because of the variation 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-posltions. 
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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 optimum would depend on the average branch length 

of the glycogen precursor. 

l+. The transfer of a unit which has branches might result in 

the immediate debranching of this transferred unit because its 

removal from the parent glycogen would make its branch points 

more susceptible to attack. 

5. The receptor group, Gn, must have an available non-reducing 

glucose group and could bo of any size, glucose or maltose 

being 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 is 

the probability of having long external chains. Therefore 

less highly branched glycogens v;ould more likely act as 

receptor groups. 

7« Steric hindrance such as displayed by the R-enzyme (Ul) 

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 r^oints. Thus thay 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» Debranchlng produces longer external and Internal chains* 

10. The spherical and symmetrical glycogen molecules will be 

transferred into asymrcietric ar!:ylopectin irolecules. 

11. Phosphate is left at carbon atom 6 of a glvcose unit in 

the amylopectin r.olecule or in any awylose molecule when an 

internal branch is removed. This i-thosphate 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: 

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

2. Relatively few acceptor groups in the r.iediur in comparison 

with the available non-reducing ends of the parent glycogen; 

3* A low activity of the debranchlng enzyme; 

A debranchlng enzyme such as the R-enzyme Instead of the 

DE-enzyme. By Increasing the number of acceptor groups, such 

as maltose, the waxy maize endosperm, should be able to pro­

duce amylose. One could produce rore acceptor groups either 

by adding more glucose-l-phosphate or by inhibiting the pro­

duction of glycogen and increasing the production of small 

acceptor groups. Amylose has been t^roduced by waxy maize endo­

sperm (V2, U3, Therefore (^^.) would seem to be incorrect. 

In agreement with the above, it appears that starches which 



have a low per cent of amylose have longer exterior chains 

(V5). 
Let us now consider the change in properties of the gly­

cogen molecule after being debranched using 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 removed. 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 yield of amylose 

for the two cases. Table 6 coirpares the changes in properties. 

If the per cent branching of the glycogen is high, there 

will be greater steric hindrance for the debranching enzyme 

and one would expect the properties 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 branching 

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 limit dextrins in light of proposed theory 

(a) Literature values for limit dextrins. The 

amylolysis limits for various amylopectins and glycogens as 

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

molecule after partial debranchlng 

Original 

glycogen 

All external 
branches 
removed 

Interior 
branch 
removed 

Per cent units 
removed and 
converted into 0 
amylose 

Per cent 
branching 10j8 

Average 
external 
branch length 5 
in glucose 
units 

Per cent 
glucose units 50j6 
in external 
branches 

No. of 
phosphate 
groups per 100. 0 
glucose units 

Postulated sphere 
asymjnetry 

25% 

6.675J 

10 

66,7% 

25% 

9,\6% 

5M 

50% 

small 
asymmetry 

1.67 

large 
asymmetry 
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Table 7* Experimental and predicted ̂ -amylolysla 

limits for arnylopectln 

Amylopectln Per cent Average Maximum 
source branching branch predicted 

length ^ -limit 

Easter lily 3.7 13.5 60 1+6.3 

Potato 3.7 13.5 59 k6.3 

Barley 3.85 13 59 U6.2 

Maize U.O 12.5 63 k6.0 

Waxy sorghum U.O 12.5 52 U6.0 

Wheat ^.35 11.5 62 »+5.7 

Tapioca »+.35 11.5 62 ^5.7 

Sago ^.55 11 62 if5.5 

Waxy maize 11 53 ^5-5 

Malted barley 5.7 8.75 Mf Mt.3 

Data obtained from Manners (^1) 

Table 8. The predicted ^-amylolysls limits for the glyco­

gens and amylopectins assuming each behaves as a statistical 

model are also listed in these tables. In the above discus­

sion on the properties of the average statistical molecule, 

it was pointed out that ^0^ of all the units make up the ex-
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• 
Table 8. Experimental and predicted ̂ -amylolysis 

limits for glycogen 

Glycogen Per cent Average j^-limit ^faximuBl 
source branching branch predicted 

length ^-limit 

Rabbit liver 5.55 9.0 53 .5 

edulis 5.88 8.5 ^7 hh.2 

Brewer's 
yeast 7.7 6.5 H2.3 

Rabbit liver 8.0 6.25 ^3 W2.0 

Helix Domatia l»+.3 3.5 37 35.8 

Baker's 
yeast 8*3^ 6.0 50 »+l*6 

Sweet corn 1 8.35 6.0 1+7 1+1.6 

Sweet corn 2 9.1 5.5 »+5 36.8 

*Data obtained from Manners (Ul) 

temal branches. This 50^ Includes the isomaltose unit. The 

predicted ^-liroit is then equal to 

average chain length - 2 clqA 
average chain length ^ 

This is an upper limit since the chain will not be completely 

removed (U6, ̂ 1). The actual ^-limit for the glycogens is 
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slightly higher than this predicted limit but the difference 

is such greater for the an^ylopectins. Baker's yeast glycogen 

behaves as an ellipsoid with an axial ratio of 8:1 (W7)« Mussel 

glycogen behaves as a flat ellipsoid (H8, U9, 50» 51)* As 

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

yeast (Ul). It is therefore quite possible that the glycogens 

do not behave as a statistical raodel because they have been 

slightly debranched. Baker's yeast glycogen seems to be the only 

one that h-3S been extensively debranched. The high -amylase 

conversion limits with sweet corn glycogen may be due to the 

presence of a: ylose and a slight debranching of the glycogen. As 

in the case of Baker's yeast glycogen, the high yield of maltose 

in the ̂ -am.ylolysis of the amylopectins can most logically be 

explained as due to the debranching of the am.ylopectin. 

It can be shown that the maximum branching of the parent 

glycogen is 6% if the branching of the amylopectin is h%. 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 compares the extensively debrancherl Baker's yeast 

glycogen and the amylopectins, it is seen that the^-amylolysis 

limits behave as predicted in Table 6 and its discussion. Bo-

cause of their low per cent branching and low^-aBiylolysis 

limit, waxy maize and waxy sorghum appear to have been debranched 

to a lesser extent. This would indicate a lower activity of the 
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debranchlng enzyme and therefore conforms to the previous rea­

soning in explaining the absence of ar;;ylo'?e in waxy starch. 

Cori, et. (52, 53) J examined the fraction of glucose 

units in the four outer tiers of glycogen and the three outer 

tiers of ar..ylopectin by the alternate action of phosphorylase 

and amylo-o^-l,6-glucosidase. An examination of their results 

on glycogen shows that each new external tier approximately 

doubles the iholecular weight as would be predicted by the 

statistical rodel. Only the external tiers of amylopectin 

are longer than those predicted by the statistical 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 ii.possible 

to tell when the last tier corresponding to the correct Mw 

had been reached. One could assure an infinitely hifh molec­

ular weight and the same results would be obtained. Examina­

tion of the change in molecular weight would, however, add 

more evidence that this weight average molecular weight ob­

tained by other means is correct (1^, 1 7 ) •  

(b) Theories developed to account for literature values. 

Two mathematical treatments, one by Beckmann (5^) and the other 

by MyrbHck and Sillln (55)» have been developed to account for 

the results of I,arner, e^. a^,. (52), and for the ̂ -amylolysis 

limits. BeckEiann concludes that in wheat a:;ylopectln the frac­

tion of "Q-chains" is 0.63 in the first tier (f^) and 0.32 in 
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the second tier (f2^» corn the fractions are 0,52 and 0.53* 

Consider A below, in which one exterior branch of a statistical 

ciolecule has been removed by a debranching enzyn^e. The black 

circles and horizontal lines represent glucose units connected 

by 1,6-linkages and by l,W-linkaf^es, respectively. Let A be 

degraded by nhosphorylase givirg B (f^ = 0.57)» then byo<-l,6-

amyloglucosidase giving C, and again by phosphorylase giving 

D if2 - 0*33)• It appears that a selectively 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 f^ and fg from 

the ideal vilue of 0.5 joints to a steric hindrance or selec­

tivity in the debranching mechanism. The tiore highly branched 

polysaccharides give the greatest deviations from 0.5* 

A  B C D  

Kyrback and Sill4n (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 point in our statistical model can be considered as an 
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Isomaltose unit. Their statistical model for the reversible 

synthesis of an infinite network therefore agrees with our 

statistical model. They concluded that in some cases the 

lengths of the external chains based on 0 -amylolysis limits 

were too lonn but in othc^rs glycogen behaved as if it is 

produced by a reversible ssmthesis. Amylopectin was in 

greater disagreement with their reversible sjnithesis than the 

extreme glycogen cases. This Is in accord with the discussion 

of ̂  -amylolysis limits presented above. 

Literature support for glycogen as an intermediate in the 

synthesis of starch 

Points 1-lU below can be considered as support for the 

reactions t 

glucose-l-phosphate amylopectin 
—^ glycogen —^ 

or sucrose + amylose 

In some cases it has not been established whether sucrose is 

converted into starch directly or via glucose-l-phosphate (^2) 

The points supporting the proposed synthesis of starch will be 

discussed as they are brought up. 

1. A generally distributed unorganized polysaccharide that 

stains red with iodine was found to be forrr.ed before starch 

in sugary waxy and sugary, high arylose starch endosperms (U3) 

Amylose stains blue with iodine. Therefore such evidence 



52 

points toward the formation of a highly branched polysac­

charide such as glycogen followed by the formation of amylose 

and amylopectln. 

lU 
2. Using radioactive COg for the production of starch In 

potato tubers, Badenhulzen and Dutton (56) found that the 

cytoplasm became active first (mostly due to sucrose), then 

at an intermediate staf^e ar yloplasts 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 properties 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 is produced first in the synthesis 

of starch. Later it was shown that phytoamylose is a ndxture 

of amylose and the glycogen (59)» The presence of this glyco­

gen suggests that the above mentioned intermediates are also 

glycogens. 

U. Wolf, et. a^. (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 (6o). Mature starch granules have around 25 
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per cent amjrlose. As pointed out by Wolf, ai,. (60), one 

would expect the reverse of this If amylopectin is produced 

from amylose. 

6. The nrlmlng activity of the straight 1,^-llnked glucose 

chain for potato phosphorylase reaches an optimum at about 

20 glucose units (37). If amylose were produced first, it 

would seem that the optinurc priming activity should be at 

least 200 glucose \anits. 

7« The ratio P/Q, the phosphorylase activity divided by the 

Q-enzyme activity, is less in dent than in waxy for samples 

obtained 12, 16, 20, and 25 days after pollination (6l). 

Mature dent has U,0^ branchin.^ and mature waxy has 

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. Fron a previous discussion on waxy, it was concluded 

that waxy is debranched to a lesser extent. Therefore the 

lower per cent branching in the dent amylopectin is probably 

due to a greater debranching of its parent glycogen. 

8. By using iodine staining tents it was shown that incubated 

endosperm tissue of waxy maize produced amylose and the young­

est leaves of Scilla ovatlfolia Bak. produced a red-staining 

starch tinder the sane conditions (^2). Normally, waxy stains 

brown and Scilla stains blue due to its amylose. Production 



of amylose by waxy maize under similar conditions was also 

noted by Fuwa C+B)* 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 sriots increase in size with distance away 

from this region It therefore appears that the amylos® 

in the center of the waxy maize granule is due to a variation 

in the amount of acceptor groups when the waxy granule is first 

being formed. More moisture v/ould be lost at the cap of the 

kernel. This variation in loss of moisture nay change the 

cell conditions and thus bring about the above results. 

10. The diurnal variations of the carbohydrates in the leaves 

of corn have been studied. It has been found by different 

workers that the maximum sucrose content is reached at U p.m. 

(6, 62, 63), the maximum content of mediur. size cold water 

soluble dextrins at U p.m. and 7 p«i-• (62), and the maximum 

starch content between 7 p»r» and 1 a.m. (63)# 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 ig no dlumal change in phosphorylase (6^). There­

fore the above sequence of carbohydrates Is not due to a varia­

tion In the nhosphorylase activity. 

12. Phosphate is cherically bound to carbon atom 6 of the 

glucose units in ar^ylopectin (6?) but is not chemically bound 

to glycogen (U8). This agrees with the Idea 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-

pectln. 

13. Phosphate is located on glucose units at the linear parts 

of amylopectin (66). This agrees with the nroposed reactions 

since those branches removed would be less sterlcally hindered. 

1^. Waxy raize has less T^hosnhate bound to its starch than 

dent corn starch (67). This, however, nay be due to the pres­

ence of more phosphatase Instead of less debranching. 

The above points have been interpreted in light of the 

proposed theory and other reasons may be given for these facts. 

However, these nolnts can be explained by the proposed theory. 

The theory that amylose Is converted into ar ylopectln cannot 

exnlaln all of these points. It would seem impossible that 

glycogen with its almost spherical shape and short external 

branches, amylopectin with its large asymmetry and long ex­

ternal branches, and the linear amylose molecule could be 

synthesized by the same tyoe 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 is much greator than that found (67)» Phosphatase Is 

present in some starch synthesizing cells but there appears 

to be no simple relationship between phosphatase and starch 

synthesis (^2). Therefore the lack of a 5iufficient amount of 

phosphate on starch cannot be readily explained. 

D. Expe rim enta1 

1. Isolation of corn and notato starch samples 

The variety of corn plants used including their endosperm 

geneology were Seneca Chief sweet corn gu^, su-j^, suj^, Wx. 

Wx: Iowa k297 dent corn Suj^. Su^, Su^* Wx, Wx, lowax 5 

hybrid waxy corn Suj^. SUj^, SUj^. wx, wx, wx. The sweet, dent 

and waxy varieties were hand pollinated, respectively, on July 

20, 25» and 2^ in 1955» All the sai pies of a given variety 

were pollinated at the sane time. Samplings were made on all 

varieties on the 13th morning, 13th night, iM-th morning, 20th 

morning, 20th night, and 21st morning after pollination and 

mature samples. The Immature kernels were collected between 

5*^5 and 6:30 in the morning and between 5sU5 and 6:30 in the 

evening. Each ear was first husked while on the plant, then 

picked, and then immediately shelled v/ith a knife and frozen 

on solid carbon dioxide in order to keep enzyme degradation 
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to a minimum. All immature samples were kept frozen on dry 

Ice until they were processed for starch (no longer than four 

days after picking). 

In order to study the effect of water evaporation from 

the kernel, soF.e samples that were picked on the 13th morning 

and 20th morning were (1) covered '.Jith cellophane bags and 

(2) husked about the third or fourth day after pollination. 

Two cellophane bags, tied on by an elastic band, covered the 

ear. The outer bag contained a small amount of water in order 

to retard evaporation. These samples were collected as above. 

The starch was isolated from the kernels in a room held 

at U®C. The frozen kernels were ground v;ith a small amoimt 

of iced distilled v/ater (60) for 3 minutes in a V/aring 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 combined extracts were centrifuged 

in an International centrifuge. Microscopic examination of 

the separated granules indicated negligible granule damage. 

The gluten in the starch was rerrioved 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 period was followed with centrifuging, discarding 

the supernate, and adding fresh 20% Pentasol solution. The 

final starch was washed with 95% ethanol and Soxhlet-
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extracted for H8 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 SOg treatment. 

Certified Irish Cobbler potatoes were planted 6/1/55 in 

three plots which had been equally fertilized and v/ere located 

3 to 5 feet apart. Four nlants were planted in each plot. 

In the first nlot the rsiants 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 plot was exposed 

to the regular diurnal variations in light. The third plot 

was shaded so that the plants were exposed 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 potatoes. The potatoes grown under the light were 

quite small in size. 

The mature potatoes were ground in a meat grinder. Water 

was added and the starch slurry was passed through nitmber 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 Rimdle 

(70). The data, however, was graphed in a different manner. 

A plot of mg. of iodine bound per 100 rig. sample versus the 

logarithm of mg. of free iodine per 100 ml. of solution was 

made. The intercept of the two lines gives the rng. of iodine 

bound per 100 rg» sample. 

All of the samples were corrected for moisture content 

by drying representative samples in a vacuum oven at 60*C 

until constant weight had been obtained. It was assumed that 

the amylose in all of the starches bound 19 mg. of iodine per 

100 mg. sample. The per cent amylose in the starch was cal­

culated from this. The small error involved in this assiamp-

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

3. Results on iodine titrations and yield of starch samples 

(a) Corn starch samples. As described above, three 

samples for each variety of starch were picked 12 hours apart 

starting with the 13th morning. Three more samples which 

were also 12 hours apart were picked starting with the 20th 

morning, one week later. The per cent amylose 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 lU. Yields were expressed as grams per ear since this 

gives roughly the amount of starch ner plant. 



Table 9* Comparison of experimental and predicted diurnal variations in per cent 

amylose assuming daytime production of amylose for immature dent corn starch 

Sample Per cent Predicted per cent assuming arylose is produced during the 
amylose daytirae and arylopectin during the night 
in From daily From weekly From, weekly From weekly 
sample yields yields-Oth yields-lst yields-2nd 

order reaction order reaction order reaction 

13th 
morning 

13th 
night 

lUth 
morning 

20th 
morning 

20th 
night 

21st 
morning 

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

17.90 22.1 + 1.6 23.3 + 1.7 21.2 + 1.5 

23.15 27.^ + 2.0 2U.8 + 1.8 26.1 + 1.9 

20.1 + 1.5 

18.70 18.7 + .06 18.60 + .06 18.60 + .06 18.60 + .06 

22.35 22.35 + .35 22.35 + -35 22.35 + .35 22.35 + .35 

30.0 + 2.2 

23.60 23.60 + .35 23.05 + .35 23.05 + .35 23.05 + .35 



Table 10. Ccmiparlson of experimental and predicted diurnal variations in per cent 

amylose assuming daytir e production of anylose for immature sweet com starch 

Sample Per cent Predicted per cent assuirdng amylose is produced during the 
amylose daytime and amylopectin during the nlRht 
in From daily From weekly From v;eekly From weekly 
sample yields yields-Oth yields-lst yields-2nd 

order reaction order reaction order reaction 

13th 
morning 

13th 
night 

lUth 
morning 

20th 
morning 

20th 
night 

16.05 16.05 + 1.0 16.05 + 1.0 16.05 + 1.0 16.05 + 1.0 

18.1+0 2H.5 + 2.1 26.5 + 2.3 20.1 + 1.7 18.1 + 1.6 

18.30 18.30 + 1.0 16.80 + 1.0 16.80 + 1.0 16.80 + 1.0 

23.05 23.05 + .ifO 23.05 + .^0 23.05 + .^0 23.05 + .^0 

22.50 33.^ + 2.3 26.1 + 1.8 28.0 + 1.9 37.^ + 2.5 

21st 
morning 22.90 22.90 + .UO 23.SO + ,h2 23.80 + .h2 23.80 + .k2 
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Table 11. Twelve hour period yields for dent corn starch 

and their iodine binding capacities 

Sample No. of Starch yield 
ears (dry, defatted) 

in girs per ear 

$ starch 
produced 
during 
daytime 

Mg. Ip 
bound 
per 100 mg. 
sagPle 

13th mom 10 
13th night 10 
lifth morn 10 

20th morn 3 
20th night 3 
21st morn 3 

6.67 
6.27 
8.31 

12,60 
11.86 
12.97 

-19.6^ 

17.65^ 

3.!tO 
3.^ 
3.55 

U.25 
U.UO 
k.kS 

Table 12. Twelve hour period yields for sweet corn starch 

and their iodine binding capacities 

Sample No. of Starch yield 
ears (dry, defatted) 

in grrs per ear 

13th morn 
13th night 
iHth morn 

20th morn 
20th night 
21st morn 

11 
11 
11 

I 

1.16 
1.33 
1.73 

5.76 
5.98 
9.70 

^ starch Mg. 
produced bound 
during per 100 mg. 
daytime 3amr)le 

29.^ 

5.59^ 

3.05 

3.^8 

^.38 
if.28 
h.35 



63 

Table 13• Twelve hour period yields for waxy corn starch 

Sample No. of Starch yield starch Sample 
ears (dry defatted) produced 

in gms per ear during 
daytime 

13th morn 8 5.27 
43^.2?S 13th night 8 8.6 43^.2?S 

iHth morn 8 >15 
43^.2?S 

20th morn 2 26,7 
36.3^ 20th night 2 30.8 36.3^ 

21st morn 2 38.0 

Table lU. Results on per cent amylose for 

bagged and husked ears of corn 

Variety Dent Dent Sweet Sweet Waxy Waxy 

Days after 
pollination 13 20 13 20 13 20 

Husked 17.7 2U.I 16.7 21.9 1.1 .87 

Bagged 12.5 19.6 12.7 15.2 3.1 

C
D
 .
 

Control 17.9 22 .if 16.1 23.1 

CM .
 

.68 
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Calculations were made assuming that amylose Is produced 

during the daytime and amylopectln during the night since most 

of the starch is produced during the night and most of the 

starch consists of amylopectln. By subtracting the 13th morn­

ing yield fror the lUth morning yield, the amount of starch 

produced in one day per ear is obtained. Multiplying this by 

the fraction of amylose in the lUth morning sample which was 

found by Iodine titrations, we obtain AAl, the number of grains 

of ar.ylose produced in one day. T'ultlnlylnc the 13th morning 

yield by Its corresponding fraction of amylose gives us AI3, 

the number of grams of anylose In the 13th niorning sample. 

The total number of grams of amylose produced by the 13th 

night will then be this weight plus the weight of amylose pro­

duced during the 13th day. The predicted per cent amylose 

for the 13th night assvimlng only amylose Is produced during 

the day is then equal to 

A A l  A 1 3  , Q 0  
13th morning starcn yield + AAl 

This predicted percentage was not obtained using the 13th night 

yield because of the snail Increase in yield during the day­

time. The 20th morning and 21st morning data are treated In 

the same manner. The results are listed In Tables 9 and 10 

under the heading "from dally yields". 

Similar calculations are made from weekly yields because 

of the possibility of a large error In the dally yields. Cal-



culatlon of the amount of starch produced during the 13th day 

and during the 20th day were made asswxlng 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 iWth 

morning to the 21st morning starch yields. The dally Increases 

were then obtained fror. the calculated rate constant using the 

13th morning and the 20th morning yields as the initial 

yields. The weekly increase in per cent amylose was obtained 

by using the same three points described above. The dally 

Increase was calculated from this assuring zero order kinetics. 

Only a small error is Involved in this assumption because of 

the small weekly increase in per cent airylose during this 

period. 

We now have the predicted dally yields for the 13th and 

20th day S!?mT)les and the predicted per cent amylose for the 

lUth morning and 21st morning based on weekly increases. The 

same type of calculations as made above using the daily yields 

are then repeated. The results from the weekly yields are 

listed under their assured rate of reaction. 

The arithmetical mean v/as used in 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 morn, yield ^ 20th night yield ^ 21gt moy^. yjt^ld ^ 
13th morn, yield 13th night yield IM-th morn, yield 

where K is equal to a constant. The error In. each of the 

yields was taken as being equal to the error in K. The cal­

culated error for the results obtained fror; the weekly yields 

assumes that in each cane the order of reaction holds. The 

predicted prr cent araylose and its relative error alonp with 

the experimental per cent arnylose are listed in Tables 9 and 

10. This error is only relative becau;^e the iodine adsorption 

capacity for pure arnylose v;as considered as 19 in all cases. 

It was also assured that any protein irpurities present in the 

starch bound iodine to the sare extent in all the starches. 

Fror Tables 9 and 10 it is seen that the predicted increase 

in amylose during the daytime is much higher than that actu­

ally found. Therefore it is concluded that arnylose and amylo-

pectin are not produced separately during this tlr.e period. 

This conclusion camot be made for other diurnal variations. 

However, since these other diurnal variations are less severe, 

the above results are in hanrony with the postulate that arn­

ylose and amylopectln are produced at the sar;e time from glyco­

gen. 

The results on the percentage of starch produced during 

the daytire are given in Tables 11, 12, and 13. Xt is seen 

that most of the starch is produced during the nlp;ht. This 

Is In agreement with the results obtained for the diurnal 
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variation of starch in the com leaf (63). Because both are 

produced during the sace period, the production of starch 

during the night is not due to a delayed translocation of 

sucrose. 

The results on the per cent araylose for the bagged and 

husked sarnples along with the control values are listed in 

Table iM-. The husked samples show no marked variation from 

the control. They were, however, exposed to the sxinlight and 

their -nericarps became extremely hard. This may have prevented 

a rapid loss of moisture. The ner cent amylose in the bagged 

samples for dent and sweet corn are much lower than the per 

cent amylose in the control samples. The ner cent amylose 

in the 13th day bagged waxy s-^m.rile is much hi?;her than the 

control. This sample stains blue with iodine while the con­

trol stains brown. The blue color Intensity is about the sam.e 

as that found in the immature dent and sweet corn starch 

samples. There is a possibility that the amylose is due to 

Im.purlties fror: the ovary or pericarp. However, such Imipuri-

tles should also manifest themselves in the husked and control 

samples. 

This per cent amylose increase in waxy and decrease in 

dent and street is similar to the results found by Badenhuizen 

for Scilla and waxy endosperm tissue which were described 

previously (U2, U3). Both the decrease and increase in per 

cent amylose may be attributed to an increase in receptor 
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groups. In sweet and dent an increase in the number of re­

ceptor groups would lower the molecular welc;ht of the amylose 

and therefore its iodine binding capacity. In waxy the in­

crease in receptor groups would make it possible for the de-

branched chains to form amylose instead of adding to the non-

reducing ends of the amylopectin. 

Since the rier cent amylose increases with maturity, the 

smaller amount of amylose in the bagged ears of dent and sweet 

may be due to retarding the grcwth of the kernel. Therefore 

the above point is open to criticism. However, it does sug­

gest how amylose can be produced by waxy maize and how 

Scllla produces no detectable amylose. 

(b) Potato starch samples. The sam^ples which were ex­

posed to a light at night had 20.25^ amylose; those in the 

shade had 21.65A^ amylose; and the control samples had 20.95^ 

amylase. All of the sar nle sizes used in the iodine titra­

tions wer: within O»hfo of each other. The moisture in all of 

the samples was determined under the same conditions at the 

same tin^e. 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 si gars 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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foiind for this sample since production of arylopectin during 

the night is hindered. If on the other hand the sniall 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 saiiples 

indicate that anylose is not produced during the daytime. 

Determination of alkali and ferricyanide numbers 

The alkali nuriber (alk. no.) and ferricyanide nui ber (f. 

no.) were obtained as described by Kerr (72). The number av­

erage degree of nolyirierization, x^, was obtained according 

to the following equations (13)! 

^ = (6700/ alk. no.) - 30 and 3^ = 600/ f. no. 

The alk. no. is obtained by heating a 0.1 N NaOH starch 

solution for one hour in a hot water bath and measuring the 

loss of NaQH. The f. no. is obtained by heating a sodium car­

bonate, potassiun ferricyanide, starch solution for 15 rinutes 

in a hot water bath and determining the airount of ferricyanide 

that has been reduced. Both methods depend on the alkaline 

degradation of the reducing chain. As soon as a branch point 

is reached, this degradation stops (73)* The alkaline degra­

dation in detenrdning the alk. no. is much more severe than 

in the f. no. determinations. Therefore the alk. no. will be 

subjected to a larger error for sanples that have been acid 

hydrolyzed or have a high degree of branching. 
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The alk. no., f. no., and light scattering r.olecular 

weight were all obtained on the sarre starch solutions In the 

acid hydrolysis experiments. 

5. Determination of per cent branching and results 

The ner cent branching was deterrlned according to the 

method of Rankin and Jeanes (7^)» The amylopectin solutions 

were prepared as described in the next section. 

A'-sproximately 0.5 grains of amylopectin solution was plpet 

ted Into a glass stoppered flask which had been cleaned with 

chromic acid and flushed with COg-free nitrogen. A 0.3 molar 

solution of NalO)^ was added. The ratio of the number of moles 

of anhydrous glucose units to the moles of NalO^ was approx­

imately 2.5. Enough COg-free double distilled water was added 

to dilute the solution to exactly 100 ml. The flask v;as 

stoppered and allowed to stand in the dark. Three 10 ml. 

allquots were v/ithdrawn at 72 hours and three more at 96 hours 

The allquots were pipetted into glass stoppered flasks which 

had previously been flushed with COg-free nj.trogen. Two ml. 

of ethylene glycol was added to each aliquot and the stop­

pered flask was allov;ed to stand in tho dark for one hour. 

The ethylene glycol had previously been vacuum distilled over 

solid NaOH. The fomic acid in the aliquots v/as then titrated 

with 0.01 N NaOH to the first stable pink of the phenolph-

thaleln indicator. The NaOH was standardized against weighed 
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portions of standard 0.2 N 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 Xn of less than 1000 as determined by the f. no. 

The results are llstei in Table 15* 

It should be pointed out that the per cent branching for 

"Immaturo", "mature", and "overmature" sweet corn glycogen 

samples Is 9-25^, 8.^^ and respectively (75» 68). 

6. Light scattering 

(a) Preparation of solutions. Starch granules were dis-

T)ersed by using either 6 or 8 molar lithium bromide or buffered 

n-amyl alcohol solutions. 

In dispersing with LiBr, a concentrated LlBr solution was 

placed in a 500. ml three-necked glass stoppered flask. The 

LiBr solution was first clarified by passing it through a 

medium porosity sintered glass filter. The flask was equip­

ped with a therrporeter and an inlet for helium gas, a glass 

stirrer, a reflux condenser, and a heating mantle. The at­

mosphere was kept inert by bubbling heliurr. gas through the 

concentrated LiBr solution. A starch slurry was added when 

the temperature was approximately 90®C. The resulting solu­

tion was 6 or 8 M 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 branchlnp: of various 

amylopectlns and sweet corn glycogen 

Calculated T^er cent branching 

Reaction time Average 

Sample 72 hrs 96 hrs 

13th day 
waxy 5.7^ 5.88 5.8 

Mature,^ 
waxy - - U.5 

lU^th day 
dent 6.75 6.90 6.8 

Mature 
dent If.05 3.80 »+.0 

Ihth day 
sweet 7*56 8.56 8.0 

20th day 
sweet 7.36 9.01 8.2 

Nature 
sweet 5.95 6.3U 6.1 

Glycogen 8.U7 8.88 8.67 

Per cent branching of mature waxy maize was obtained 
from Rankin and Jeanes (7^)* 
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cooling these saFiples by swirling the bottle under the water 

tap, and diluting the cooled solution twenty-five fold into 

a light scattering cell. The plpet used in the dilution was 

rinsed several times with the diluted solution in order to 

Insure complete delivery. The solution was held near its 

refluxlng temperature (113*C for 6 K LlBr and 125*C for 8 M 

IlBr) until a steady 90* intensity (I^QO) dissymmetry 

reading (Z) were obtained. 

In the case of immature dent and sweet corn starch, the 

hot lithium 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 phosT)hate on the amylopectin. The T)H of a 6 or 8 K LlBr 

solution is changed from an almost neutral solution to a solu­

tion having a pH of about 1.5 v;hen a r^hosphate buffer which 

normally buffers at pH = 6.U is added to the LlBr solution. 

In waxy starch there appears to be less phosphate and conse­

quently no noticeable hydrolysis occurred. In order to remove 

acidity In the starch, one could either dialyze a rulxture of 

starch granules and cold 6 K LlBr against 6 LlBr using a 

sintered glass filter for separating the two, or one could 

develop a buffer system in the 6 M LlBr that would keep hy­

drolysis to a minimm. 

The use of concentrated LlBr was suggested by Harrington 

who with Schellrrian found it to be an excellent solvent for 



silk and other nroteins. According to Harrington and Schell-

man (76), the LiBr tends to produce more hydrogen bonds be­

tween the Drotein group?? by lowering the activity of water. 

The higher the activity of the LiBr, the lower is the activity 

of the v/ater. The helical form of the protein has the greatest 

number of hydrogen bonds and therefore is the most stable in 

the concentrated llthiun bromide solutions. Thus interraolecu-

lar hydrogen bonds are broken to form intrarolecular hydrogen 

bonds and the protein goes into solution. 

The dispersion of starch granules can also be thought of 

as breaking intermolecular hydrogen bonding and forming intra­

molecular bonds. The complexlng of the lithium bromide with 

the starch chains is probably similar to the iodine complexlng, 

the negative bromide ion being located in the center of the 

helix and the hif^hly hydrated lithiur ions adhering to the 

external side of the helix. Any salt that has a hi^h activity 

and a large anion could act as an excellent solvent. LiBr 

was chosen because of its higher activity coefficients (77)» 

Lithium thiocyanate would aT5pear to be a good solvent, but 

its activity in aqueous solutions has not been studied. 1% 

MgClg which also has a high activity coefficient v/as found by 

Staudinger (78) to be a good solvent for glycogen and \*ras 

later used hy Stetten, ejt. ajL. (iH) as a medium for light 

scattering measurements on glycogen. The effect of various 

salts in dispersing starch has been reviewed. 
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In the immature waxy samples, dispersed with LlBr as 

described above, the solution was dialyzed until silver nitrate 

tests were negative. In all other LlBr dispersions, the hot 

solution was added with vigorous stirring to 95/^ ethanol. The 

precipitated starch was then washed three or four tines with 

805^ ethanol and finally with methanol. The starch was brought 

back into solution by adding water and shaking. The sr.all 

amount of methanol remaining in the solution was removed by 

vacuuTi distillation between 25*C and UO"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 heliur atnosnhere, adding n-amyl alcohol, 

cooling slowly with stirring to room temr^erature, centrifuglng 

off the precipitated amylose in an International centrifuge 

and filtering through a millipore filter of sufficient size. 

The air.ylopectln solution was then precipitated and washed with 

alcohol, redlssolved, and vacuum distilled as before. It was 

found that if the n-amyl alcohol is vacuum distilled off in­

stead of using the above nrecinitation rrethod, 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.U to 6.1 during the 2^+ hour re­

fluxing period. The same aT>paratus and method for dispersing 

starch granules in concentrated LlBr solutions was used In 
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dispersing starch In buffered n-amyl alcohol solutions. After 

2k hours of refluxlng the amylose vas removed as described 

above. The resulting anylopectin solution was dialyzed to 

remove the nhosTihate buffer. The starch was then precipitated 

and washed with alcohol, redlssolved, and vacuum distilled as 

described above. 

The resulting 2 to 3 cent arylopectin solutions from 

the LlBr and n-amyl alcohol disnersion methods were centrifuged 

at 20,000 rpri! for one hour or at 1+2,000 rpir; for 1? rlnutes in 

a Spinco preparatory centrifuge. The solution was gently 

poured off, the impurities adhering to the side of the cen­

trifuge tube. In waxy maize samples I, II, and IV, the upper 

three-fourths of the solution was withdrawn slowly with a 

hypoderrlc syringe. This latter precaution was found to be 

unnecessary and vms eliminated. 

Weighed portions of the above solutions were diluted with 

double distilled vjater for ultra centrifuge studies. 

In the acid hydrolysis experiments, the above resulting 

solution was heated to its refluxlng ter.perature under a helium 

atmosphere in a 250 ml, three-necked glass-stoppered flask 

equipped with a thermometer, refluxlng condenser, heating 

mantle and magnetic stirrer. The buffer was then added. A 

0.05 riotassium acid rihthalate solution was used to hydrolyze 

the 13th day waxy samples and a 0.05 H acetic acid rlus 0.009 

1! sodium acetate solution was used for the other samples. 
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The calculated pH for the phthalate (79) and acetate (80) 

buffered solutions at the refluxlng tenperature was ̂ ••2^ and 

U.22, respectively. Samples were extracted at various time 

intervals and iTrjnediately precipitated by adding the hot solu­

tion to 95 per cent ethanol with vigorous stirring. They 

were washed three or four tii!,es v/ith 80 per cent ethanol and 

then with methanol, redissolved and vacuurn distilled as 

described above. 

The concentration of the above solutions was determined 

by evaporation of a weighed portion to dryness tmder a heat 

lamp, followed by drying in a vacuum oven at 95"C to a constant 

weight (approximately 12 hours). Weighed portions of the re­

sulting amylopectin solutions were diluted with double distilled 

water to approximately 100 ml. and weighed again on a Sar-

torlus balance. 

These diluted solutions were then prepare;' for light 

scattering by using HA (U^OO A nore size) and AA (8000 A pore 

size) millipore filters. A picture of the apparatus used is 

shown in Fig. 77* The size of the filter used depended on 

the molecular weight 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 weight 

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-Phoenix cylindrical 

cell. The above diluted starch solutions were added to the 

cell in increments of 1, 5, 15 and 50 ml. This procedure en­

ables one to obtain an accurate blank and avoids the cumulative 

contarlnation obtained in going from concentrated to more 

dilute solutions. This is extremely iniportant since the con-
mm'7 

centrations used were very low, the lowest being 9.7 x lO" 

gm./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 i^tir the solution, it was more cumber­

some 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 disrier-

sions. They were also dialyzed and precipitated and washed 

with alcohol as described above. They were nut into solution 

by using a boiling v/ater bath before detenriining their f. no. 

The sweet corn glycogen obtained from Schoch is readily 

soluble in wator. Amylose impur.ities were removed by nre-

cipitating the amylose as described above. The glycogen after 

being T)recir)itated, washed, and redissolved v/as clarified by 

passing the approximately 2% glycogen solution through an HA 
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mllllpore filter instead of centrifuging the solution as above. 

By removing the ainylo??e iroptiritles it was found thnt the molecu-

lar weight of the glycogen had increased from lU.6 x 10 to 

18.5 X 10^. 

(b) Theory of light scattering technique. There are 

numerous reviews on light scattering (81, 82, 83, 8W, 85)• 

Therefore, excert 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 beam of light through an optical glass cell 

containinp the solution. The intensity of the light scattered 

at various angles from the exiting beam is ir:easured, the light 

scattered by the solvent being subtracted. The intensity of 

the scattered lipht for a given concentration and ir.olecul^ir 

weight depends on the width of the cell and the distance of 

the light to the photometer. Consequently the intensity is 

only relative and must be calibrated v/ith solutions of known 

turbidity. 

The molecular weight can be obtained froir the following 

equations: 

KC/Rq^^ = HC/ = 1/ MwPQ + 2BC + 

where 

Rq Q = reduced intensity or Rayleigh's ratio corrected for 

volume scattering and the use of unpolarized light 

K = 2 11^ (dn/dc)^/ N 
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C ~ ® turbidity of the solution 

H = (16rT/3) K 

Mw = the v;eight average molecular weight 

Pq = correction factor for intraparticle Interference 

For the constants H and K, n = refractive index of the 

solution; n^ = refractive index of the solvent; = 6.023 x 

10^^; A = wave length of light in vacuum. 

Two methods are usually errployed for obtaining the molec­

ular weight: the dissymmetry and the ZimE methods. In the dis­

symmetry method the turbidity is obtained st 90*. HC/ 

is plotted against the concentration and extrapolated to zero 

concentration according to the above equation. In order to 

correct Mw for the intrapartjcle interference, equations for 

rods, snheres, and noly- and mono-disrierse coils have been 

derived relating to the dissymmetry at zero concentration 

(86). The dissymmetry at zero concentration is found by 

plotting the intensity at divided by the intensity at 135* 

versus the concentration. 

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

by plotting KC/ R. „ versus sin 0/2 + k C where the constant 
b,c 

k is chosen so that kC will be approximately the same order of 

magnitude as sin ©/ 2. By extrapolating to zero angle and 

zero concentration, we obtain a molecular weight which is in­

dependent of the shape of the molecule since Pg = 1 at 0  =0®. 
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Prom the Zlmm plot the radius of gyration can be obtained 

using the initial slope of the zero concentration line and the 

intercept (88, 89, 17): 

Sj,2  ̂̂  A ̂ (Initial slope) 

16 Tr^(intercept) 

Equations have been derived relating the radius of gyration 

to various models (Bl). If the polymer is heterogeneous, as 

with amylopectin and glycogen, the Z-average radius of gyra­

tion will be obtained ( 89 ) .  

The light scattering instruiaent and the refractometer used 

have been described previously (90, 91)* Keasurements were 

made at A = 1+358 A using a Brice-Phoenix cylindrical cell 

(92) with plane entrance and exit faces. At this wave length 

dn/ dc was found to be equal to 0.156 ml./ gm. for both glyco­

gen and amylopectin solutions using water as the solvent (n^ = 

I.3U for water). The calculated value of K was found to be 

K = 3.97 3C 10"^. 

Witnauer, al. (12), found that the measured depolari­

zation for potato amylopectin was approximately Therefore 

it was assuned 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^ 

correction was made, however, on the mature dent sample and 

it is seen in Graph U2 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 r.ethod of Northrup and Sinsheimer (90). 

The constants A and (S were found to be 10.70 cra-per cent 

and ^.37 X 10^ cm./per cent, respectively, by the method of 

least squares. Data given by Stamm (9^) for the refractive 

indices of NaCl solutions at X = 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/ 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 ̂  

where x is the number of linkages hydrolyzed (the number of 

free aldehyde groups), and n is the total number of glucose 

units. The degree of hydrolysis is therefore equal to 1-Pj^ 

where equals the probability of having a linkage at the 

aldehyde group on a glucose unit. Hence 

1-p^ = 1-Pi^-p^ = 1/Sn = J 

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(l/5cn)/ dt = k. And upon integrating 

we have (I/5&1) final - (I/5&1) initial = k At 

where At equals the change in time in seconds. If we start 

with an infinitely large polynor, then (l/55i)initial equals 

zero. However, since an infinitely large polymer is not in­

volved, (l/55i) initial is not zero. This equation will hold 

for large values of as encountered in the hydrolysis exper­

iments, but it will not hold for extrere hydrolysis. When 

Si = 100, there will only be a one ner cent error in assuring 

that the number of glucose units equals the nuirber of linkages. 

Acid reversion of the hydrolyzed products will also be negli­

gible in these experiments (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 hydrolyjied anylopectins, it will be shown that this is 

true. The rate of hydrolysis can therefore be obtained from 

these resulting linear graphs. As described previously, Xn 

can also be obtained from the f. no. and alk. no. 

The rates of hydrolysis calculated fror the acid hydroly­

sis experiments are listed in Table I6. The true rate of 

hydrolysis calculated from experiments done by French (96) 

and Calamari (97) on mature dent amylopectin and mature waxy 

maize for acid concentrations of around 0.1 to 0.2 N HCl and 

••8 —1 
HgSOi^ were foxmd to be equivalent to k = 6.7 x 10 ^ sec and 
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Table 16. Rate constants obtained from 

acid hydrolysis studies 

Amylopectin k x lo£sec"^ k x lO^sec"^ k (f» no»)-
(from Mw) (from f. no.) 

Mature dent 
branching) 2.UI 7.05 2.92 

Mature dent 
(6^ branching) 3.02 7.05 2.33 

Mature dent 
(6^ branching 

301 from iTwA) 6.27 7.05 1.12 

13th day waxy IV 
(98-C) 2.82 ^.62 1.6k 

13th day waxy II 
(99*C) 

3.33 - -

20th day sweet 
(from J4w) 3.17 3.02 0.952 

20th day sweet 

(from KwA) 6#56 3.02 0.lf60 

lUth day sweet V.if3 1.39 0.31*+ 

Glycogen 1.018 0.667 0.655 
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•"fi —T 
9*8 X 10** sec" for a pH of k,22 and a temperature of 99»5*C» 

The hydrogen ion concentration for HgSO^ was approximated. 

These rates were obtained by the copper reduction method. The 

rate constant for the hydrolysis of mature dent araylopectin 

obtained from the f. no. agrees well with these rate constants. 

The errors that may occur in obtaining the rates from 

Si are the following: 

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

ion concentration and the temperature. Therefore a change in 

refluxing temperature because of a change in atmospheric pres­

sure will change the rate of hydrolysis. 

2, The change in the equilibriuii^ constant of the buffer with 

a change in the refluxing temperature will change the hydrogen 

ion concentration. 

3« Phosphate on the amylopectin or protein impurities may 

change the pH of the buffer. 

U. The rate from the f. no. may be increased 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 mole­

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 point. 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 PW. 

7. It has been found that the rate of hydrolysis of the 1,^-

llnkage Is arproximotply four times as fast as the rate of 

hydrolysis of the 1,6-llnkage (98). Since p^ is less than 

p^, then the hydrolysis of the 1,6-llnkage 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 1,6-llnkage. The 

hydrolyzed amylopectln or glycof^en should still act as a 

statistical r.olecule since the degree of hydrolysis In these 

experiments is not severe. 

8. The rate of hydrolysis from Mw may be increased if the 

molecules exist as chemically bound aggregates. 

Variations in the rate due to temperature, per cent branch­

ing, and obtaining Xn from MwA Instead of Mw are Included In 

Table 16. The maximum per cent branching of the glycogen pre­

cursor for the ^ per cent branched nature dent ar'ylopectln 

Is 6 per cent. Therefore values using this percentage are 

Included. Except where indicated, the 5&i was obtained from 

Mw Instead of fTwA and from the experimental degree of branch­

ing. The rates for lUth day sweet corn amylopectln and gly-
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cogen were obtained from the linear part of their curves (see 

Figs, and 55)• 

The results In Table 16 Indicate that the errors described 

In (1), (2), and (6) will be small. The differences In rate 

constants between the sweet corn amylopectlns 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 (U) will be large if long exterior branches aro present. 

Preliminary data on mature waxy maize starch show that this 

error is quite large indicating the presence of a few extremely 

long exterior chains. It may be that som.e of the longer ex­

terior chains in the waxy starch are being used as acceptors 

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 amylopectln, 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 Calamarl (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 Increase in the experimental degree of branching. 

This may be due to either (U), (5), or (7). It was concluded 

above that there is not great error due to (U). Since there 
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Is no detectable change in the rate obtained from Mw with a 

change in the experimental degree of branching, then the error 

described 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 betv;een the rates obtained from Mw and 

MWA will be discussed below. 

(d) 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 weight, Z-

average radius of gyration and the predicted number-average 

degree of polymerization assuming the statistical model is 

valid and assuring that the experimental per cent branching 

is 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 LlBr or n-am.yl alcohol - is given. The results 

on the acid hydrolysis of each sample are listed in the Ap­

pendix. The Z-average radii of gyration for samples of vari­

ous amylopectins having the same molecular weight are compared 

in Table 18. 

Prom these results the following nolnts will be con­

sidered: 

1. The Xn obtained from the Mw of immature and mature waxy 

remains essentially constant, the variation in Mw being due 
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Table 17* Molecular weights of various amylopectlns, 

radii of gyration are Included. 

Theoretical obtained frow the statistical model 

Sample and 
method of ^ 
dispersing 

i Mw X 10"^ Theor. 
** 

Observed 

^n 

13th day waxy 
(UBr) 

'•'atiire waxy 
(LlBr) 

k680 A 

V30I A 

168 

125 

3070 

2980 

6160 
8960 
8650 

3990 

(f. no.) 
(alk.no. 
(alk.no. 

(alk.no. 

lUth day dent 
(alcohol) 3^20 A 168 2880 2670 (alk.no. 

Mature dent 
(LlBr) 2302 A 1890 3090 (alk.no. 

lUth day sweet 
(LlBr) 1893 A 15.8 810 260 

52U 
(f. no.) 
(alk.no. 

20th day sweet 
(alcohol) 2^56 A ^3 1320 717 

702 
( f .  no.) 
(alk.no. 

Mature sweet 
(alcohol) 

3160 A 76 2015 596 
1050 

(f. no.) 
(alk.no. 

"Mature" glycogen 580 A 18,5 8»+3 533 (f. no.) 

iVth day sweet 
(extrapolated) 3.93 Uoo -

"Mature" glycoge^^^ _ 
(extrapolated) i+.5a ifl6 mf 

)|t 
Dispersed elth r by refluxing In 6 or 8 K LlBr or buf­

fered n-amyl alcohol solutions "" 

Obtained from alkali and ferricyanide numbers (13) 

See Figs. and 55 
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Table 18» Primary specificity of nhosphorylase 

Data obtained fror Kunyi Tanaka's paper (99) 

Per cent phosphate liberated using phosnhorylases obtained 

from corn endosperms ard potato 

Priming 
substance 

Waxy Dent Sweet Potato 

None 10 

Sweet corn 
glycogen 30 

Com 
amylose 27 

Com 
amylopectin ^2 

Soluble 
starch lU 

Reaction time 
of column 

10 

25 

21 

30 

15 

16 

21 

27 

2^ 

27 

58 

^7 

17 

3^ 

^110 mln. ^3^5 min. 3960 min. U300 mint 

Amylopectin 
amylose 1.56 

G?.ypof;en 
amylose 1.11 

I.U3 

1.19 

.890 

.78 

.36 

1.23 
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to the variation in per cent branching. 

2* The Mw and Si for sweet airylopectin increases with maturity. 

3. The relative phosrhorylase activity (for amylopectin as a 

primer) in the three varieties is waxy > dent y sweet (99)* 

This predicts that the Xn will vary in the same manner. 

h. Acid hydrolysis studies show that the amylopectin and gly­

cogen behave as statistical siodels and as if these molecules 

exist in aggregates of four. 

5* The results on glycogen and lUth day sweet corn amylo­

pectin give further evidence that glycogen is a precursor 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 of waxy remains essentially constant, one 

would expect that the glycogen precursor of dent amylopectin 

would also remain constant. The per cent branching for lUth 

day and mature dent ai ylopectin is 6.8^ and U.O^, respectively. 

Assuiuing that the for lUth day dent airylopectin equals the 

Xn for the mature amylopectin, the predicted Mw for mature 

amylopectin will be lOU ndllion. A larger nredicted Mw would 

be obtained if the xiti of the parent glycogen was used. The 

molecular weight as listed in Table 17 is i illion. Stacy 

and Foster (17) obtained molecular weights of ^3, 80, and 100 

million. Assui.ing that glycogen is debranched to form amylo-
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pectin and amylose, the molecular weight of the mature dent 

amylopectln should be lower than that predicted. This is be­

cause the per cent ait^ylose and therefore the airount of de-

branching increases \</ith maturity. Both the Xn and the Kw 

should decrease in dent amylopectln and the Xn of its parent 

glycogen should remain the same. 

The increase in Fw for sweet amylopectln with maturity 

Is most likely due to the formation of a limiting molecular 

weight because of the high per cent branching and the steric 

hindrance associated with these non-reducing ends being too 

close together. If (glycogen is a precursor to starch, then 

the molecular v/elght of plycogen should also increase with 

maturity. Schoch (68) found an increase in the intrinsic 

viscosity of glycogen with maturity. Therefore his results 

agree with those found for the amylopectln. 

The data from Tanaka's paper (99) show how dent, sweet, 

waxy and potato phosT)horylase act towards different primers. 

The amount of phosphate liberated indicates how much glucose-

1-phosphate has reacted with the primer. The greater the anount 

of phosphate, the greater is the catalyst activity of the en­

zyme for that primer. Because amylose is a linear molecule 

having no possible steric hindrance, one can assume that the 

activity of all the phos^horylases for the amylose primer is 

the same. The relative activities for the amylopectins are 

obtained by dividing the amount of lohosphate liberated when 
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amylopectln Is the primer hy the amount when amylose Is the 

primer (see Table 18). In treating Tanaka's results in this 

manner, one finds that waxy, dent and sweet corn have phos-

phorylases which act with different speeds toward amylopec­

tln. The results on glycogen can not be used in cor rtaring 

the phosphoryla<5e rates because of the possible steric hindrance 

associated with the branching in the glycogen. This rate would 

only be valid for the sweet corn phosphorylase. 

Waxy phosphorylase has the greatest activity for amylo­

pectln followed by dent and finally by sweet corn r^hosphory-

lase. Since the number avernc.e and not the weight average 

molecular weight of waxy remains constant during plant growth, 

only the Xn can be compared. This variation in phos^phorylase 

activity predicts that the Xn of waxy, dent, and sweet v/111 

decrease in that order. This has been found to be true using 

either the obtained from Mw or from the f. no. and alk. no. 

A limiting molecular weight due to higher per cent branching 

as discussed above may be a factor here. It is not an im­

portant factor because even though iimnature dent anylopectln 

has a greater per cent branching than the mature sweet, the 

Immature dent amylopectln has the larger molecular weight. 

As pointed out previously the rate of change of 1/ Xn 

with time should be constant if the amylopectln or glycogen 

behaves as a statistical model. The branched components of 

mature dent, 20th day sweet, l^+th day sweet, "mature" glycc-
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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 tirao 

was obtained for all amylopectlns except In the Initial part 

of the lUth day sweet and glycogen studies. The less random 

models also give straight lines (see Figs. and 55)* The 

amylopectlns therefore behave as statistical models. As 

pointed out previously all of the statistical ir.odels have the 

same broad dlstrinutlon, 

Wltnaur, e^. a^. (12), observed from ultracentrifuge stud­

ies that an ar ylopectln fraction behaved as other high poly­

mers of "similar" nature. Thoy concluded that the ratio iRw/^ih 

would be 1.5 to 2 for this fraction as in A-B condensation 

polymers. If this factor is annlled to all their fractions 

as suggested by them, only a snail difference in Kw and Mn 

Is obtained. They also observed that Potter and Hassld's 

(23) Hn values (1 to 6 niillion) for ar ylopectlns were similar 

to their Mw value of approximately 10 million. For high 

molecular weights of A-B condensation polymers, Mw is essen­

tially equal to 2Mn . In Fig. 60, xn was obtained from 

Mw = 2Mn. It can be seen from these hydrolysis curves that 

the amylopectlns and glycogen do not behave as A-B condensa­

tion polymers. Potter and Hassld's high Mn is probably due 

to high concentration effects in their osmotic pressure meas­

urements . 
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The lUth day sweet corn amylopectin and the "mature" 

glycogen behave similarly toward acid hydrolysis. The lUth 

day sweet corn war at the edible stage. Both samples were 

therefore obtained at approximately the saroe stage of maturity 

since in sweet corn terrrinology "mature" refers to the edible 

stage* From the Initial and extrapolated values of glycogen 

and l^th day sweet corn amylopectin we havei 

Glycogen: ^ = U.OV 
Kw (extrapolated) U.58 x 10 

iVth day sweet _ ^ 
corn anylopectin: Mw (original) _ 15.8 x 10 « i^^02 

iTw (extrapolated) 3*93 x 10 

Thus exactly the same arsount of aggregation exists in both 

cases. If one considers that this glycogen is converted into 

the amylopectin and amylose as described previously, the pre­

dicted Tier cent amylose from the initial and fror the extra­

polated weight-average nolecular weights is I'+.S^ and lU.6^ 

amylose, respectively. It was found from iodine titrations 

that l^th day sweet starch has 18.3^ arcylose. 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-? l>^-» 1,6-

linked glucose units and that p^ - can then be assumed 

that the Xn obtained from the extrapolated value is correct 



96 

and that the Initial hydrolysis is due to the breaking of 

"weaker" 1,3-lii^ages. The Kw predicted from this 3&i as­

suming an equal anoiint of 1,3- 1,6-llnkages before hy-

drolysis is U.68 x 10 . This is nuch sraller than the original 

18,5 x 10 . It was fourd that if f^lycogen is refluxed 2it hours 

in n-amyl alcohol, the resulting molecular weight is 7*8 x 10^. 

This is much greater than the extrapolated molecular weight 

of U.58 X 10^. Therefore it is concluded that the initial 

hydrolysis is not due to the breaking up of physical aggregates 

or the r)resence of 1,3- or 1,2-llnkages in the polymer, but 

it is due to the cherdcal bonding of four glycogen r.olecules 

to a protein molecule or some other point source. 

In Table 19 the Z-average root mean square radius of gy­

ration for different amylopectlns and glycogen illustrates 

the following: 

1« When the molecular weights are comparable, 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 per cent branching. This result 

therefore agrees with the r>ostulate made rreviou?!ly regarding 

the mechanisms of the debranching enzyii^e. 

2. The asymmetry of the 20th day sweet amylopectin is greater 

than the lUth 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 radii of gyration 

with per cent branching 

Amylopectin % branching Mw X 10"^ (^/) ^ 

13th day waxy 
iHth day dent 

5.8 
6.8 

168 
168 

U680A 
319^A 

Mature sweet 
13th day waxy 
Mature dent (17) 

6.1 
5.8 
k.O 

76 
83.5 
80 

316OA 
2786A 
20 50 A 

20th day sweet 
13th day waxy 
Mature dent 

8.2 
5.8 
if.O 

^3 

V3 

2I+56A 
235OA 
235OA 

iHth day dent 
(in N KOH) 6.8 

lUth day dent 
(in HgO) 6.8 

l^^th day sweet 8.0 
13th day waxy 5»8 
13th day waxy 5.8 
Potato fraction (12) 
Potato (12) 5.0 
Sweet com glycogen 8.67 

20th day sweet 
13th day waxy 
Mature dent 
Potato fraction (12) 

20th day sweet 8.2 
Mature dent U.O 
Sweet corn glycogen 8.67 

20th day sweet 8.2 
l^th day sweet 8.0 
13th day waxy 5*8 
Sweet corn glycogen 8.67 

8.2 
.8 
.0 
5.0 
2 

28.6 

2k.h 

15.8 
21.5 
15.8 
23 ̂  
13.6 
18.5 

6.0 
6.02 
6.50 
7 

2.80 
2.23 
3.50 

1.22 
1.V8 
l.lfS 
2.53 

23VI+A 

211+5A 

1893A 
l6ifOA 
IU6OA 
I37OA 
lOlOA 
580A 

llif9A 
1003A 
912A 
820A 

863A 
66OA 

613A 
6OOA 

tin 
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hlzuiered as previously postulated# Therefore a greater 

asjmmetry is obtained with a greater amount of debranching 

since ll+th 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 probably low enough so 

that steric hindrance is no great factor. 

3* Initially waxy has a larger radius than 13th day dent 

amylopectln even though this dent starch has 6.8jS branching 

and 18/? amylose. Some of the longer non-reducing ends in 

waxy maize starch may act as acceptors in the debranching 

raechanisn giving greater asyrmetry. Potato amylopectln may 

have been equilibrated more with the debranching enzyme in 

order to give It less asyimnetry. 

In l^th day dent amylopectln the radius of gyration la 

greater in N KOH than in H20. This may be attributed to a 

spreading out of the molecule due to the adhering negative 

hydroxyl groups. The exact onposlte was found for the highly 

phosnhated potato amylopectln. V/ltnauer, ejt. a^,. (12), found 

that the decrease in radius for the T)otato amylopectln in NaOH 

was similar to that found for the amylopectln 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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III. VALIDITY OF LIGHT SCATTERING RESULTS 

A .  Introduction 

Since light scattering results are actually the basis 

for most of the conclusions made in this thesis, then sub­

stantiating these results by other chemical or physical methods 

gives added force to the conclusions. 

There are two major factors that may give erroneous light 

scattering results: 

1. Physical a^igregation due to hydrogen bonding. These ag­

gregates may either give a broad distribution such as that 

found in the statistical r odel or they r;ay present as a mix­

ture of high 1 olecular weights 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 frot? the above by being 

present in only a minute amount and being much larger than 

the amylopectin nolecules. 

Aggregation involving primary bonds (chemical aggrega­

tion) will not be considered here because the dispersion of 

such aggregates would involve the oxidation 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 time and temperature. Ifti-

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 Improbable that one v;ould obtain the 

same size dust particles in every experiment. 

b. Variation in dispersing agont. The disaggregation of some 

particles r.ay not occur as fast or not at all with some dis­

persing agents. 

c# Variation in solvent used in light scattering measure­

ments. Some solvents may cause aggregation even though th© 

particles were initially dispersed. 

d. Obtaining the weight average molecular weight by some other 

method. 

e. Centrifugation studies. Extremely large particles would 

be Immediately centrifuged out of the solution, and a large 

change in the molecular weight will result. 

f. Acid hydrolysis experiments. 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 acid hydrol­

ysis experiments were described previously and therefore will 

be oFitted 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 amylopGctln molecule 

by chemical methods in order to determine whether a statistical 

model exists. 

The above noints will now be discussed with regard to 

the literature and present experimental findings. 

a.* Consistancy of results. The literature values of Mw and 

Mn reviewed earlier are in agreement with the statistical model. 

Also light scattering results on potato amylopectin measured 

at and 25*C gave the same result (12). 

b. Variation in dispersing agent. Amylopectin initially 

separated fron; the arylose with a heated aqueous solution and 

Pentasol was heated for two hours In 0.5N NaOH in the absence 

of oxygen. The light scattering results agreed within 10^ 

(12). 

c. Variation in solvent. Formamlde, water, N KOH, anhydrous 

ethylenediamine, ethylenediamine hydrate give essentially the 

same molecular weights for corn anylopectln (17)« A high 

molecular weight for glycogen was obtained using MgClg 

(1̂ ). 

d. Mw from other methods. A molecular weight of 3 to 8 mil­

lion was obtained by using the ultracentrifuge (16). This 

is much lower than the light scattering results. The amylo­

pectin may have been hydrolyzed. A Mw of l^^ x 10^ was ob­

tained for glycogen from sedimentation and diffusion constants 

(32). 
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e« Centrlfugatlon studies. Fractions obtained by centrlfug-

Ing glycogen solutions had molecular weights from 10 to 159 

million (1^)» The glycogen had an original Mw of 70 irlllion. 

Glycogen therefore has a broad distribution. 

g. Examination of structure. Enzymatic hydrolysis studies 

on ar^ylopectin and Fjlycogen were reviewed previously. They 

showed that the diritribution of branches occurs as in the 

statistical 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 be the formation of a broad distribution of 

molecules. The change in I'fw in the ̂  -amylolysis of glycogen 

or amylopectin agrees v;ith the yield of maltose (lU, 17)* 

Therefore the removal of the long exterior chains does not 

destroy any aggregates that ;ay be present. 

B. Experimental 

1. Lithium bromide dispersion of granules 

The method for disperring with LlBr 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. Pour different dispersions of 

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

Sample LlBr Refluxlng Hours 
conc• temperature refluxed 

I 6 M 113«C 9 

II 6 M 113*C 2 

III 8 M 125*C 6 

IV 8 M 125-C 6 

2, Pentasol dispersion of granules 

The l^th 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 aryl alcohols were 

oxidized and the solution became acid. The acid hydrolysis 

was followed by using consecutive experiments. The Mw for 

the amylopectin after 3 hours in unbuffered ^entasol is 

comparable to that of the Mw after 20 hours in buffered Pent­

asol (see Table 31 and Figs. 6U-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 HgO were used as solvents. The constant K = 3.3^5 

X 10"^ 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, et. 

al. (12), for dn/dc = O.lU-6 and from = 1.35» The ariylo-

pectins were in the N KOH for approximately four to five hours 

before light scattering n:easureiients were i ade. The '^olecular 

weights obtained in alkali are higher than those in HgO. The 

discrepancy is nrobably due to an error in for N KOH. 

However, the results nhow that if aggregates are present, they 

are not broken up by N KOH. 

The Kw of the 13th day dent aniylopectin obtained by re-

fluxing 20 hours in buffered Pentasol was also studied using 

6 M LiBr as a solvent. No detectable change in the Kw 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. 

h. Fractionation of ar^iylopectln by centrifueation 

In order to determine whether the large molecular weights 

in light scatterinfr are due to a small number of extremely 

large particles or to a broad distribution of molecules, a 

dilute solution of amylopectin was fractionated by centrifu-

gation. A sample of potato am.ylopectin was dispersed in N 

KOH, neutralized with N acetic acid, and centrifuged for 

various lengths of tim.e at 20,000 g in a Servall centrifuge. 

The upper SA portion of solution was then pipetted from the 
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Table 20. The effect of oxygen upon amylopectln 

dispersed in one noni.al alkali for 5^ days 

Sample Conditions MwR 
20J 

Waxy maize 
starch 

Potato 
amylopectln 

Potato 
amylopectln 

Waxy maize 
starch 

Waxy maize 
starch 

Waxy maize 
starch 

air, room temp, 

air, room temp, 

oxygen, r. t. 

oxygen, r. t. 

nitrogen h* 

nitrogen, r. t. 

1.07 0.15 X lo6 

1.13 0.19 X 10^ 

1.02 0.1^ X 10^ 

1.10 0.95 X 10^ 

5.2 8.5 X 10^ 

U.8 9.5 X io6 

Table 21. The effect of oxygen upon potato 

amylopectln dispersed in one normal alkali 

Time of standing 
(hours (conc 

Sample 1 

.. 6.06 X 10~^) (conc 

Sample 2 

.. 6.72 X 10"^) 

Z I'iWPgQQ Z o
 0 

5 5.8 10.3 X 10^ 3.^1 6.8 X 10^ 

29 5.6 9.9 3.16 6.2 

53 h.7 7.5 3.0 5.55 

77 3.8 6.5 2.22 U.36 

101 2.5 5.6 2.0 3.^5 

2.2 k.6 1.81 3.13 
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centrifuge tube. The concentration, detenained by optical 

rotation, drorped from 0.056^ to 0,0^5% In three hours; the 

corresponding drop In turbidity was from 0.0129 to 0,0089 

with the dlssyrjmetry rer<alning nearly constant. The estimated 

drop in Eolecular weight, using a polydisnerse coil as a 

model, is only froiri about 80 to 70 million. Two runs gave 

the same result within experiii ental error. 

The experiment above was repeated using waxy maize starch. 

It was found that the concentration decreased sharply during 

the first li" hours (0.06 down to O.OOljS) and then leveled off. 

Molecular weights remained in the rillions. Thus even after 

removal of of the material by centrlfugation, particles 

(molecules) rem.aining in the supernatant are still very large. 

These centrlfugation studies rather conclusively demon­

strate the absence of undlspersed entanglements of extremely 

high particle weight, and convincingly demonstrate that this 

is not the cause of the discrepancy between nuiiiber- and 

weight- average molecular weights. The molecules therefore 

have a broad distribution as predicted by the statistical 

model. 

5. Sedimentation constants and the corresponding molecular 

The sedimentation constants were obtained for the 13th 

day waxy I and III (both dispersed with LlBr) and iWth day 
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dent amylopectln (dispersed 20 hours in buffered Pentasol). 

In the ircmature waxy, it was found that there were two com­

ponents (see Fig. 8). The sediirentation coefficients for the 

two components of iiriirature waxy and for immature dent amylo­

pectln are listed in Tables 32 and 33 in the Appendix. The 

extrapolation of these coefficients to zero concentration is 

shown in Figs. 75 and 76 in the Appendix. 

In calculating the t.olecular weight, Bridgman's values 

(32) on glycocen for the partial specific volume and diffusion 

coefficients were used. The diffusion coefficient was as­

sured to be equal to 1.1 x 10"^ for the slow component. For 

the fast comnonent and for the dent amylopectln, the diffusion 

coefficient was assumed to be equal to 0.5 x 10 '. The par­

tial specific volvune was considered as being equal to 0.65 

in all cases. Both the immature dent and the waxy have an 

Kw of 168 X 10^ from light scattering. The fast coiiiponent 

and the dent ar.ylopectin have an M (S,D) between 80 x 10^ 

and 120 x 10^. The results therefore show that the light 

scattering Mw has the correct order of magnitude. The slow 

component seems to have a li (S,D) of 1 x 10^ to 6 x 10^. 

C. Discussion of Results 

The points made previously will now be discussed in light 

of the above results. 



Fig* 8. Sedimentation picture shoving two components in iciiiiature waxy maize 

and one in i; jsature dent amylopectin. 

The sedimenting :;ictures read from right to left. The three frames from 

top to bottom were taken from studies on waxy maize I starch (.50^ conc.), 

waxy maize I starch (.200^ conc.)) and 13th day dent aciylopectin (#529^ 

conc•). 
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a* Consistancy of results. Waxy raalze was subjected to a 

variation in temperature and tire in dispersing with 6 and 8 

[J. ZrlBr. The resulting molecular weights were the same. 

b. Variation in dispersing agents. The icmature dent amylo-

pectin dispersed with Pentasol had a molecular weight of the 

same order of magnitude as the immature waxy dispersed with 

LiBr. Also the molecular weight for mature dent amylopectin 

disperse with LiBr has the same order of magnitude as that 

found by Stacy and Poster (I?)* Since in all cases the Mw 

is large, then any aggregates if present are not dispersed 

by either agent. 

c. Variation in solvent. Water, 1 H KOH, and 6 LiBr, 

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 is 

slightly smaller but has the same order of magnitude as that 

obtained from light scattering. 

e. Centrifugation studies. Fractions obtained by centrifu-

gation indicated that amylopectin has a broad distribution 

and that its large molecular weight is not due to the pres­

ence of a small amount of extrer.ely 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 exist as an 
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Infinite molecule In the starch granule. If this were true, 

then the molecular weight would depend on the rethod of dis­

persion. However, chemical aggregates may exist as indicated 

previously. 
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IV. DISCUSSION AND SIMIARY 

Results of ̂ _^-amylolysis studies in the literature show 

that glycogen does not behave as a statistical model but it 

has longer exterior branches. A debranching enzyme called 

iso-amylase has been found in Brewer's yeast (^1). 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 n.ost from the spherical shape (U?). 

This indicates debranching has occurred. 

The amylopectins differ more from the statistical model 

than the glycogens with respect to -amylolysis limits. 

Also a review of the literature indicates that glycogen may 

be a precursor to starch. A debranching mechanism is there­

fore proposed for the formation of amylose and amylopectin 

from glycogen. 

The per cent branching of immature and mature sweet corn 

amylopectins is only slightly less than the per cent branching 

of their corresDonding glycogens. A greater asymmetry is 

found for these highly branched amylopectins than for the 

glycogens or lesser branched amylopectins. Therefore these 

properties suggest that inner more available branches are 

being removed instead of exterior branches. These properties 

correspond to those predicted by the average statistical 

molecule which was developed previously. One would expect 
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that the-amylolysis limit on sweet corn amylopectln would 

be closer to the statistical model as found with the highly 

branched malted barley amylopectin. 

The results on diurnal variations in yield and in per 

cent amylose indicate that aniylose and aiiiylopectin are not 

produced at a different time of the day but they are produced 

at the same time as proposed, A review of the literature 

shows that a glycogen type polysaccharide is first formed from 

sucrose followed by the production of starch at night. The 

above experiment therefore agrees with previous experiments. 

The potato plants exposed to light at night, shade, and 

regular diurnal variations showed no appreciable difference 

in amylose. This also indicates that anylose is not produced 

during a separate time of the day. 

Less ai.ylose 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 iinmature bagged sar.ples of 

waxy. These results are sirilar to those found by Baden-

huizen for immature Scllla leaves and waxy endosperm (^2). 

In sweet and dent an increase in the number of receptor groups 

would lower the molecular weight of the amylose and therefore 

its iodine binding capacity. This may account for the above 

results. In waxy the increase in receptor groups such as 

maltose would make it possible for the debranched chains to 

form amylose instead of adding to the non-reducing ends of 

the amylopectin. 
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The per cent branching of the glycogen decreases with 

maturity. The per cent branching of the ainylopectin 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 was found that the f. no. of 

mature and 20th day sweet corn amyloses are 2.79 and ^.17» 

respectively. Their approximate degrees of polymerization 

estimated from other studies (102) are* 

- 270 for mature amylose and 

Sa = 1^-0 for 20th day amylose. 

Prorr. Kerr (102) the f. no. of mature dent amylose is 1.^3 and 

Its corresponding is This would indicate an increase 

in the 5^ 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 glycogen 

should give shorter amylose chains. 

Ultracentrifuge data (see Pig. 8) indicates that there 

are two components in imiaature waxy Ealze 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 either molecules 

that have not been linked with a protein molecule or amylose 

or amylopectin ir purities fron. 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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j&i were obtained from f. no., from Mw aasuinlng a statistical 

model, from Ffw assuinlng less random nodels, and froi Mw A 

assmlng that after the statistical polymer is produced, it 

becomes cherolcally bonded to protein molecules. It was seen 

that the rate constants obtained fror.: the f. no. decrease 

with per cent branching. It was concluded that this is due 

to the stopping of the alkaline degradation of the reducing 

chain by a branch point. 

The 13th day and 20th day sweet amylopectins and the 

corresponding glycogen all have apnroximately the same high 

degree of branching. Because of this one would expect the 

ratio of their hydrolysis rates obtained fron: the f. no. and 

iTw to be the same. It was fo\ind that l^th day sweet amylo-

pectln and glycogen behave as if their molecules existed 

initially in aggregates of four. The ratio of the rates for 

the 20th day sweet amylopectin obtained from the f. no. and 

iTw / U agree with those obtained from 13th day sweet amylo­

pectin and glycogen after their chemical aggregates have broken 

up. Therefore it is concluded that 20th day sweet airiylopectin 

behaves as if four molecules are cheirically bound around a 

protein molecule. 

In m.ature dent amylopectin the f. no. has been correlated 

with the Si obtained fron; osmotic pressure (13). These Xn 

can therefore be considered as correct while those from the 

higher branched ?.i;ylopectins in sweet and injnature 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 saF.e. They are not the same. If the 

rate is obtained fron; Mw / ̂- instead of Kw they are almost 

the sarie. Dent amylopectin therefore behaves as if its sta­

tistically produced molecules are chemically bound to a protein 

molecule. 

The amylopectin and glycogen molecules also behave as 

if produced from less random models. Prom the above discus­

sion one can assume that the Xn obtained from the f. no. of 

mature dent amylopectin is correct and that the 3cn from the 

f. no. of glycogen is a little high. If these assximptions 

are made, then it can be shown that the actual model for the 

amylopectin and glycogen lolecules is between the statistical 

and less random model I. 

The glycogen and all the amylopectins behave as if 

chemically bound to a protein rcolecule. Since the 13th day 

sweet arylopectln behaves as if it is produced from glycogen, 

one can conclude that the following sequence of reactions 

occurs in the production of all corn starchesi 

sucrose ^ glycogen —• (glycogen)^^ - protein 

ATP ADP 

(amylopectin)^^ - protein + amylose 

debranching 
enzyme 
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If any number of molecules can be bound in chemical 

aggregates, the statistical model will not hold because the 

Kw will be shifted in favor of the larger afjgregates. It can 

be shovm that i.-ost of the molecules which influence the weight 

average molecular weight in the statistical model have ap­

proximately the same radius. Therefore it is concluded that 

the Liolecules that affect ITw the most exist as exactly four 

molecules chemically aggregated together. 

The statistical distribution will become narrower as a 

result of this chemical aggregation. Protein molecules which 

initially have large glycogen molecules attached to them will 

tend to bind themselves to smaller glycogen molecules because 

of the steric hindrance of the large glycogen molecules. The 

narrower distribution found by Witnauer, et. (12), can 

therefore be due to both the above factor and to an incom.plete 

alcohol fractionation. It should be noted that the glycogen 

molecules will remain sy^herical if four molecules are chemical­

ly linked in this manner. The existence of chemical complexes 

between synthetic 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 believed, however, that 

a mathematical explanation for this can be derived using the 

following definition of Kws 
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where K^, W^, and are the molecular weight, total 

amount (in weight), number of moles, and r.olecular volume 

of the species. This definition assumes the density does 

not depend on the size of the raolecule and that it does not 

vary with the distance from the center of the nolecule to the 

periphery. 

All of the amylopectins and the glycogen were hydrolyzed 

to the same extent yet only the immature 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 

1. Starch Is synthesized from glycogen. 

2. A debranching enzyme renoves nart of the more available 

exterior and interior branches on glycogen and combines them 

together to form ainylose, A source of energy, rserhaps ATP, 

is required. 

3. The greater the degree of branching of the parent 

glycogen, the greater the asyimetry of the amylopectin. 

U. The degree of branching will be less on the amylo­

pectin than on the parent glycogen. 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 depends on the degree of branch­

ing of its parent glycogen. 

5. The greater the degree of branching of the parent 

glycogen, the lower the^y^-amylolysis limit for the amylo­

pectin. 

6. The greater the degree of branching of the amylopec­

tin, the lower the molecular weight of the amylose in corn 

starch. 

7. Amylose and amylopectin are produced at the same tima 

of the day in the starch synthesizing cells. 

8. It is postulated that waxy maize 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 is 

brought about by increasing the number of receptor groups such 

as maltose. 

9. The 35n of waxy starch and the parent glycogen of dent 

starch remains essentially constant during plant growth, the 

variation in Mw being due to the variation in degree of branch­

ing. 

10. The Kw and Jn for sweet corn amylopectin increases 

with maturity. It is postulated that the high degree of branch­

ing in the immature glycogen sterically hinders the phosphory-

lase enzyme giving a limiting Eolecular weight for the result­

ing amylopectin and glycogen. 

11. A comparison of the Xn for the amylopectins shows 

that waxy > dent ^ sweet. This agrees with the phosphorylase 

activities when amylopectin is the primer (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 chemical aggregate seems to exist in 

groups of four. 

13. Sedimentation studies show that two conponents are 

present in immature waxy maize starch. The nature of the 

slower component is not known. However, it disappears during 

maturation and does not appreciably influence the light scat­

tering results. Its molecular weight is in the millions. 
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ll+. Centrlfugation studies, sedimentation measureirienta, 

variation in solvent, and variation in method and dispersing 

agent show that no physical aggregates are present in amylo-

pectin solutions. The high Mw is due to the broad distribu­

tion and to chemical aggregates, each aggregate existing as 

four molecules tied together, perhaps to a protein nucleus. 
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Table 22. Acid hydrolysis of 13th day waxy maize I starch 

Refluxed at 99•©•C and pH = ̂ .2^. Theoretical Xn based on 

statistical nodel. 

Hrs. iTw X 10~^ Theor. 
refluxed 

0.5 105 2270 

1.0 83.5 2160 

2.0 53.7 1731 

3.0 37.6 1^+50 

5.0 21.5 1093 

7.0 15.8 936 
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HOURS REFLUXED AT pH=4.24 AND 

99.0®C IN .05 M KHCeH404 

16* Acid hydrolysis of 13th day waxy maize starch} 

sample I* Points were obtained from Mv using 5*8^ 

branching for the statistical model. 
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Table 23* Acid hydrolysis of 13th day waxy maize II starch 

Befluxed at 99*0*C and pH = ̂ .2H. Theoretical Si based on 

statistical model* 

Hrs. Mw X 10 Theor. 
refluxed 

2.0 55.6 1765 

5.0 18.8 1021 

7.0 13.3 858 

10.0 7.91 660 

13.0 6.02 575 

16.0 3.67 W 

27.0 1.W8 281 
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HOURS REFLUXED AT pH=4.24 AND 

99.0® C IN .05 M KHG0H4O4 

25. 

• 23* Aeid hydrolysis of 13th day waxy nalas* stareh, sasi* 

pis IX* Points wsre obtalnsd from Hv using 5*8)( tran^iiBf 

for th« ttatistieal inodsl* 
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Table 2U. Acid hydrolysis of 13th day waxy maize III starch. 

Befluxed at 99«0*C and pH = U,2^. Theoretical 3to based on 

statistical model. 

Hrs. Mw X 10"^ Theor. 
refluxed 

hi 

0 168 3070 

3.0 1+3.0 1550 

6.0 18.3 1009 

10.0 9.1 709 

i»t.o 5.25 536 
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Pig. 31. Aold hydrolysis of 13th day waxy naalze starehi 

sample III. Points were obtained from Mw using 

branching for the statistical model. 
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Table 25» Acid hydrolysis of 13th day waxy maize IV starch. 

Refluxed at 98.0*C and pH U,23* Theoretical Xn based on 

statistical model. Observed obtained from f. no. and alk. 

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

Hrs. Mw X 10"^ Theor. Xn Si 
refluxed 

Xn (f.no.) (alk.no*) 

0 168 3070 6160 8960 
8650 

8.0 ll+.O 881 760 859 

19.0 3.76 U52 276 U93 

32.0 1.^6 279 182 360 
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37* Acid hydrolysis of 13th day waxy maize starch sam­

ple IT. (0) & obtained from f* no. (•) from alk. 

no. (•••) from light scattering using 5.856 branching 

for the statistical model. 
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Fig. 38* The 8«0 hour sample of waxy oialze IV starch* Mw = iH.O x 10^* 
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Table 26. Acid hydrolysis of mature dent corn amylopectin. 

Refluxed at 99«5*C and pH = k,22. Theoretical Si based on statistical model 

assuming UjS, 6^, and 50^ branching. Observed Si obtained from alk. no. and f. no. 

according to Kerr et. al_. (13). 

Hrs. 
refluxed 

MwxlO -6 Theor. 

Xn 

Theor. 

Xn 

Theor. X^ X^^ 

^ (f. no.) (alk. no.) 

0 

10.0 

22.0 

1^5 

6.50 

2.23 

1890 

710 

Vll 

1560 

588 

338 

7^5 

282 

165 

3^2 

169 

3090 

k20 

386 
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STATISTICAL; 4.% 

0 5. 10. 15. 20 25 
HOURS REFLUXED AT pH=4.22 AND HOURS REFLUXED 

99.5°C IN ACETATE BUFFER 
• Ul« Acid hydrolysis of mature dent corn amylopectln* 

(0) from f. no.; (t) ̂  from alk. no*; (-f) In from 

light scattering using 6%y and ^0% degree branching 

for the statistical model* 
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Table 27» Acid hydrolysis of iVth day sweet corn amylopectin. 

Refluxed at 99»5"C and pH = U.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 (13). 

Hrs. 
refluxed 

ilw X 10"^ Xn 
(Stat.) 

Xn 
(Kodel I) 

Xia 
(Ilodel V) 

Xn 
(f. no.) 

In 
(alk. no.) 

0 15.8 810 1100 1575 260 52lf 

10.0 1.1^8 21+3 332 k66 2^0 361 

20.0 0.795 176 2U2 339 207 291 

32.0 O.it^l 131 181 252 186 252 
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Fig. Acid hydrolysis of lUth day sweet com amylopectin. (0) Xn from f»no*; 

(f) frcaa alk. no.? (+) from light scattering using 8.0^ Ijoranehing for 

the statistical and two less randc»D statistical models* 
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I 



1.045 • 10-^ 

10'^ 

8.88 I0"5 GM/ML. 

.2 4 1.4 .6 1.2 0 .8 1.0 

U8. The 20.0 hour sample of lUth day aweet corn amylopeetin. ̂  s 795,000* 
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Flg» k9» The 32«0 hour sample of lUth day sweet com amylopeetln* Mir * 1>51»000« 
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Table 28. Acid hydrolysis of 20th day sweet corn amylopectln 

Refluxed at 99.8*C and pH = ̂ ••22. Theoretical obtained 

from Mw and MwA assuming the statistical model. Observed 

5&1 obtained from alk. no. and f. no. according to Kerr et. al 

(13). 

Hrs. Mw X 10"^ ito In Xn 
refluxed 

0 »+3 1320 659 717 702 

10.57 6.0 U90 2U2 it06 7^2 

20.25 2.80 332 16^ 278 268 

33.5 1.22 218 106 2U3 2U8 
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lOQ 

STATISTICAL FROM ^ 
80 

ALK. NO. 60 

F. NO. 

20 STATISTICAL 

0 D. 20. 
HOURS REFLUXED AT pH= 4.22 AND 

30. 
AND 

99.8®C IN ACETATE BUFFER 
50. Acid hydrolysis of 20th day sweet corn amylopeetin. 

(0) Si obtained from f» no.? (t) from alk. no.5 (+) 

from light scattering Kw and iSirA. 
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Fig. 51" The 20th day sweet corn amylopectln. Hw s x 10^. 
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Fig. 52. The 10.57 hour sample of 20th day sweet com amylopeetln* Mw 

6.0 X 10^. 
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Fig* 53* The 20.25 hotar sample of 20th day sveet com amylopeetln* 

Jlw s 6.0 X 10^. 



-•L 1 1 I I I l_ 
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SIN^ 0/2 + 1480. C 

W-g* 5^# The 33*5 hour sample of 20th day sveet com amylopectin* 

^ = 1,22 X 10^. 



Table 29. Acid hydrolysis of "mature" sweet coxn glycogen. 

Refluxed at 99»8*C and pH = h»22. Theoretical based on statistical and less 

random models I and V. Observed Si obtained from f. no. and alk. no. according to 

Kerr e t .  a l .  ( 1 3 ) .  

Hrs. 
refliixed 

liw X 10"^ XN 

(Stat.) 

Xn 

(Model I) 

ID. 

(Model V) 

ID 

(f. no.) 

Xn 

(alk. ] 

0 18.5 8i+3 11^0 1610 533 7530 

10.0 3.50 ^93 691 1+71 10,190 

20.0 2.53 318 lH9 6K5 V19 2H70 

35-0 1.97 272 369 519 370 5CH 
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MODEL V 
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20. 
MODEL I 

MODEL V 

ALK.  NO 

) 10. 20 
HOURS REFLUXED AT pH=422 AND 99.8°C 

30. 
REFLUXED AT 99 8 

IN ACETATE BUFFER 
55* Acid hydrolysis of sweet corn glycogen, (0) Sa from f. no.; (§) from alk* 

no.; (+) frcan light scattering using 8.6756 branching for the statistical 

and two less random statistical models* 
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Fig. 56. Imylose-free glycogen. Mw = 18.5 x 10 • 



IQ-

9.5 

5.96 • 10"^ 

9.0 
2.76 • 10 

olcr 

-4 
8.0- 1.44 • 10' 

7.or 10"^ GM./ML. 7.5 

7.d 

1.4 
SIN^ 0/2 + 5870.0 

— 6 
Pig. 57. The 10.0 hour sample of glycogen. Mw « 3.50 x 10 • 
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Hg* 58* The 20.0 hour sample of glycogen. Mw = 2»53 x 10^« 
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Fig. 59. The 35.0 hour sample of glycogen. 5S» » I.97 x 10^. 
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Table 30« Acid hydrolysis of corn airylopectin and glycogen. 

Points were obtained from Mw assuming the glycogen and amylo 

pectin behave as linear polymers (Mw'^2Mn). Refluxed at pH 

1+.2. 

l^th day sweet 
amylopectln 

Hrs • Xn 
refluxed 

13th day 
waxy IV 

amy^opectj^Q 

Hrs. Xn 
refluxed 

Sweet com 
glycogen 

Hrs* ^ 
refluxed 

0 If 8,700 0 519,000 0 57,000 

10 ^,570 8 ^3,200 10 10,800 

20 19 11,600 20 7,800 

32 1,390 32 U,500 35 6,080 
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-16. SWE E T 

GLYCOGEN 
-4. 

IX 

WAXY 

) 10. 20. 30. 
HOURS REFLUXED AT pH= 4.2 

Fig* 60. Acid hydrolysis of lUth day sweet corn amylopectln 

(•); 13th day waxy starch sample IV (0); and sweet corn 

glycogen ('f). Points were obtained from Hw assuming the sam­

ples behave as linear polymers (Mw—2 Mn for large ̂ ). The 

right hand ordinate pertains only to the sweet com amylopectin* 
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Fig* 61* Lithium bromide dispersion studies on staroh granules 

as followed by light scattering. Mature and 13th 

day wa3cy starch samples. 
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90®850. 
800 

0 2. 4. 6. 8. 10. 
HOURS AT I05®C IN 6.M LIBR 
(MATURE DENT GRANULES) 

800 

0 5. 10. 
HOURS AT 108°C IN 6.M LIBR 
(I3TIVDAY DENT STARCH GRANULES) 

Pig. 62. Idthlum bromld* dispersion studies on starch 

granules as followed by light scattering. Mature 

and lUth day dent corn starch samples. 
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Fig* 63* Lithium bromide dispersion studies on starch granules 

as followed by light scattering. Mature and lUth 

day sweet corn starch samples* 
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Table 31* Pentasol dispersion of lUth day dent starch granules 

Refluxed in unbuffered and buffered Pentasol solutions. Holecu 

lar weights of the resulting aiiylopectins. 

Theoretical Xn based on the statistical model. Observed Xn 

obtained from the alk. no. according to Kerr' et. aJ,. (13). 

Amylopectin 
sai! pie 

Solvent Mw X 10"^ Theor. 

to 

Xn 

20 hrs., buffered HgO 168 2880 mm 

3 hrs., unbuffered N KOH 168 2880 2670 

6 hrs., unbuffered N KOH 118 2390 1305 

6 hrs., unbuffered HgO 98 2180 1305 

8 hrs., unbuffered a KOH 28.6 1170 801 

8 hrs., unbuffered HgO 2h.h 1081 801 

10 hrs., unbuffered HgO 12.2 7V0 

1^ hrs., xmbuffered HgO 3.97 W32 392 
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2Q 

0 5. IQ 

HOURS REFLUXED AT 94!'C IN AN 
UNBUFFERED H2O + PENTASOL 

SOLUTION 
Fig# Pentasol dispersion of iVth day dent starch granules* 

The above points v/ere obtained from the branched compon­

ent. (+) Xn obtained from light scattering using HgO as 

solvent} (X) from light scattering using 1 KOH as solvent} 

(•) from alk. no. 
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Fig. 65 The l^th day dent corn amylopectin# 

« Mv S l68 X 10^» 

Refluxed 20 hours in buffered 
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fig* 66* The lUth day dent amylopectln. Refluxed 3*0 hours In bnfferad 

JRsntasol* s i68 x 10^ using 1 H KGH as solvent* 
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Fig. 67, The lUth day dent amylopectln. Refluxed 3*0 hours In unbuffered 

Pentasol with rapid stirring. !Tv ~ 22.6 x 10^ using 1 N KGE as 

solvent. 
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Fig- 68. The iVth day dent amylopectin. Refluxed 6.0 hours in \inbuffer«d Pwatasol# 

5^ = 118 X 10^ using 1 £ KCB as solvent. 
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Fig* 69* The l^th day dent amylopectln* Refluxed 6*0 hours in unbuffered 

Pentasol. Mw = 98 x 10^ using HgO as solvent* 
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Fig, 70* The iVth day dent amylopectin. Refluxed 8.0 hours in imbiifreared 

Pentasol. Mw = 2U.V x 10^ using HgO as solvent. 
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Ig. 71. The mth day dent amylopectln. Refluxed 8«0 hours In unhoffered 

Pentasol. Mw = 28.6 x 10^ using 1 N KQE as solvent. 
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Fig, 72. Mature waxy starch. Dispersed in 6 £l LiBr. Kw « 12? x 10^. 
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W.g» 73* Mature sweet com amyloi>ectln dispersed 2k hours in iTUffersd n-aqrl 
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Glycogen. Refluxed 2h hours in buffered n-amyl alcohol solution. 

^ = 7.81 X 10^. 
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Table 32. Sedimentation coefficients for l^+th day dent corn 

amylopectin. 

Amylopectin was dispersed for 20 hours in buffered Pentasol 

solution. Bridgmann's values of V = 0.65 and DgQ =0.5 x 10 

were used to calculate the r.olecular weight. 

C X 10^ (gm./ml.) 1.586 0.529 0.1586 

Sgo (In Svedburgs) 36.2 106 257 

PO 
Extrapolated valuei = 625 S 

M (S,D) = 87 X 10^ 
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26-

20. 

| S  
—I(n 

C • lO'^ ( C= CONCENTRATION IN 
GRAMS/MILLILITER) 

Flg» 75* Th® 13th day dont amylopectln. Extrapolation of 

sedimentation coefficients to zero concentration. 
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Table 33* Sedliiientatlon coefficients for 13th day 

waxy maize starch. 

The 13th day waxy niaize I and III starch sat nles were dis­

persed at 113®C in 6 K LiBr for 9 hours and at 125"C in 8 K 

LiBr for 6 hours, respectively. Bridgmann's values of V = 

0.65 and DgQ = 0.5 x 10~^ and 1.1 x 10"^ for fast and slow 

components, respectively, were used to calculate the molecular 

weight. 

Waxy I starch (fast component) 

C X 10^ (giQ./nl.) 1.008 0.501 

Sgo (in Svedburgs) 95 1^1 

PO 
Extrapolated value: = 720 S 

M (S,D) = 100 X 10^ 

Waxy III starch (fast component) 

C X 10^ (gia./nil.) 0.57lf 0.1+91 

Svedburgs) llM- 13I 
on 

Extrapolate' value: = 87O S 

M (S,D) = 120 X 10^ 

Waxy I starch (slow coraponent) 

C X 10^ (gn./i-a.) 1.008 0.501 0.200 

SgQ (in Svedburgs) 17 20 9^ 

FT (S,D) = 1.26 X 10^ for S^° = 20 S 

(S ,D)  = 5.9 X 10^ for SQ° = 9^ S 

0.U5H 0.200 0.0^51+ 0.0U51+ 

223 296 331. 552 

0.I6U8 O.OlfOlf 

386 610 
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Table 33• (Continued) 

Waxy III starch (slow component) 

0 X 10^ (gm./ml.) 0.57V 0.1it91 

Sgo (ill Svedburgs) ^2 W 
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Fig. 76# (•) 13th day waxy maize starch sarple III; (0) 13th 

day waxy maize starch sample I. Extrapolation of 

sedimentation coefficients to zero concentration. 



Fig. 77» Picture showing light scattering clarification 

method. 




