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ABSTRACT

HETEROGENEITY OF GLYCOGEN
by John Hoffman Nordin

Several examples of variations in chemical compositlion and struc-
ture in glycogen have been reported in the literature., An unusual
specimen of glycogen has been obtained from the livers of chicks fed
toxic levels of galactose. This glycogen has been shown to contain
small but significant amounts of galactose. It has been subjected to
exhaustive purification procedures which include precipitation with
the antibody concanavalin A, acetylation and deacetylation. The
galactose Is not removed by these procedures. Comparison of this
glycogen with samples from various other sources indicate that the
galactose is not a result of an impurity or an artifact arising during
hydrolysis of the glycogen. Fractional precipitation of this poly-
saccharide followed by chromatography of the hydrolyzed fractions
indicate galactose is assoclated with each fraction obtained. Frac-
tionation of glycogen with added free radioactive galactose results
in the complete removal of this sugar during the early stages of puri-
fication,

The identity of the galactose has been confirmed by co-chromato-
graphy with radioactive galactose and by preparation of galactose

methyl phenyl hydrazone from acid hydrolyzates of the glycogen.
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HETEROGENEITY OF GLYCOGEN

INTRODUCTION

When a 15% galactose diet is fed to newly hatched chicks, toxicity
symptoms soon develop which include convulsive seizures that often re-
sult in death. Previous work in this field indicates that the carbo-
hydrate metabolism of affected birds is severely altered. Examination
of the acid soluble nucleotides of their livers indicates that uridine
diphosphate hexose metabolism is disturbed. Normally UDPG! constitutes
about 70% of the total UDP hexose present, while UDPGal constitutes the
remaining 30%. Livers from galactose toxic chicks, on the other hand,
contain double the amount of UDP hexose and further 95 to 100% of this
is UDPGal., The effect of this apparent lack of UDPG is conceivably of
serious consequence since this compound is an important glucosyl donor
in many biochemical reactions.

Since UDPG functions as a glucosyl donor in glycogen biosynthesis,
limitations in the pool size of this compound might be expected to be
reflected in glycogen synthesis. Some preliminary indications pointed
to alterations of glycogen composition of rat tissues where galactose
was fed., However, it appears in birds that liver glycogen levels are

not significantly altered as a result of feeding galactose. Since the

1The following abbreviations are used: UDPG, uridine diphosphate
glucose3 UDPGal, uridine diphosphate galactosej; UDP hexose, mixture of
UDPG and UDPGaly G-1-P, glucose-1l-phosphate3 Gal-1-P, galactose-1-
phosphate; Pi, inorganic phosphate.
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phosphorylase pathway of glycogen metabolism does not require UDPG and
is reversible, it may be the principal pathway of glycogen biosynthesis
in the chicken.

Large quantities of free galactose and its phosphorylated deriva-
tives acculumate in blood and other tissues of chicks fed galactose.
The possibility exists that there may be a swamping effect on some
biochemical processes. With this in mind, glycogen from chicks fed
toxic levels of galactose was examined and found to contain galactose
in significant amounts. This occurrence of galactose in what heretofore
has been regarded as a homopolymer of glucose may result from the
following means:t 1, UDPGal may serve as a glycosyl donor. 2. Gal-1-
P might act as a glycosyl donor in the phosphorylase pathway. 3.
Galactose might be incorporated in a purely chemical reaction without
the mediation of any enzyme.

This alteration of glycogen structure might have profound effects
on other metabolic transformations. Evidence is accumulating which
suggests that other modifications of glycogen exist. These modifica-
tions are reflected as unusual repeating units, linkage groups or
polymer structure and the presence of sugars other than glucose in the
glycogen. The more significant findings are as follows:

1. The presence of (1—> 3) linkages is indicated in some glyco-
gens. A small amount of 3-0-a-D-glucopyranosyl-D-glucopyranose
(nigerose) has been isolated from beef glycogen as a crystalline deriv-
ative. Periodate oxidation studies on several other glycogens support

this finding.
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2, Isomaltotriose, O-a-D-glucopyranosyl (1 —> 6)-0O-a-D-gluco-
pyranosyl (1 —> 6)-D-glucopyranose has also been obtained from beef
glycogen. This unusual repeating unit is not characteristic of the
classical glycogen molecule (Figure 1).

3. Maltulose, L-O-a-D-glucopyranosyl-D-fructose, has been isolated
from pregnant rabbit liver glycogen hydrolyzates.

L. Glycogens with unusual branching and outer chain character are
reported when animals are fed sucrose or galactose. This condition is
also found in the various human glycogen storage diseases.

5. Electrophoresis of many different glycogens shows them each
to be composed of two distinct molecular species as evidenced by mobil-
ity. This indicates that a high degree of heterogeniety exists in a
supposedly pure homopolymer.

The biochemical significance of most of the above work is unknown.
The cause(s) and effect(s) of each of these abberations in molecular
structure may reflect important aspects of polysaccharide specificity.
It may be mentioned that similar structural modifications in starches
have also been reported.

It is the purpose of this communication to report the occurrence
of small amounts of galactose in highly purified liver glycogen of
galactose toxic chicks. This galactose has been isolated as a crystal-

line derivative and the derivative characterized.



Figure 1.
Structures of three oligosaccharides isolated from partial glycogen

hydrolyzates.
A. Nigerose, 3-0-a-D-glucopyranosyl-D-glucopyranose.

B. Isomaltotriose, O-a-D-glucopyranosyl (1 —> 6) O-a-D-gluco-
pyranosyl (1—> 6) D-glucopyranose.

C. Maltulose, L-0O-a-D-glucopyranosyl-D-fructose (The applic-
able configuration of fructose has not been confirmed but is
shown in the furanose form).






LITERATURE REVIEW

General Structure of Glycogen

Glycogen, the principle carbohydrate reserve in liver, muscle,
and other tissues was first isolated by Bernard from dog liver (1).
Structural studies by Haworth and others (2-5) showed glycogen to be
a branched high molecular weight carbohydrate polymer composed en-
tirely of D-glucopyranose units. These studies indicated that in the
average repeating unit of the molecule about eleven glucopyranose
units are joined by 1 —> L-a-D linkages while one molecule is joined
through C6 to form a branch point (Figure 2). Periodate oxidation
experiments (6-8) on glycogen and enzymatic analyses (9,10) support
Haworth's work.,

The molecular weight of most glycogens appears to be approxi-
mately 107, There is some discrepancy in the magnitude of this gen-
eral value. This may result from the method of isolation of the
polymer and method of molecular weight determination. When sedimenta-
tion data are employed, the range in molecular weights is about
2 x 106 to 8 x 108 (11,12) whether alkaline digestion (KOH glycogens)
or cold trichloroacetic acid (TCA glycogens) extraction are employed
in the isolation of the glycogen. However, when light scattering
measurements are used, TCA glycogens appear in some cases to be very
heavy while glycogens isolated by alkali digestion have much lower
molecular weights. One group reports (13) molecular weights in the
range of 2 x 106 to 5 x 108 for KOH glycogens while TCA glycogens gave
values of from LO x 108 to 159 x 108, Other workers however, fail to

6



Figure 2
Classical Chemical Structure of an Average Repeating Unit of

Glycogen
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obtain this difference with light scattering. Bryce et al. (1L)
determined molecular weights on 23 different glycogen samples. They
could find no extreme variation in molecular weights. KOH glycogens
and glycogens prepared by extraction with water showed molecular
weights in the range of 3 x 106 to 9 x 106,

The wide variation that occurs has been attributed both to im-
purity of the glycogen when isolated by TCA (15) and to degradation
of the glycogen during alkali extraction (13). Stetten and Katzen in
a recent study (16) indicated that degradation of TCA glycogens occurs
when it Is subjected to hot alkali, The release of small amounts of
isosaccharinic acid from the glycogen has been shown to accompany the

degradation.

Metabolism of Glycogen

Four known enzymes catalize the reactions responsible for the
ma jor interconversions of glycogen. Phosphorylase (17) catalizes the
reversible reaction

G-1-P + (Glucosyl) “————> (Glucosyl), , ; * Pi.

The reaction product is formed by the addition of an a-(1 —> ) linked
glucopyranose unit to a non-reducing end group of glycogen. Branched
chain polysaccharides such as starch and glycogen act as primers for
phosphorylase while the linear polymer amylose is without effect.

There appears to be a definite primer requirement for rapid conversion
of added glucose-l-phosphate to glycogen. Branching of the glycogen
molecule is brought about by the enzyme amylo 1,4, —> 1,6 transgluco-

sidase (10). It causes the transfer of a group of a-(1 —> L) linked



10
units to C6 of another glucose unit forming a branch point. The con-
tinued action of these two enzymes leads to the formation of the highly
branched polysaccharide.

In the catabolism of the glycogen molecule, phosphorylase cleaves
single a-(1 —> L) glucose units up to a branch point yielding a limit
dextrin while forming G-1-P. In order to cleave the a-(1 —> 6) 1link-
ages at the branch points the enzyme amylo 1 —> 6 glucosidase is
required (9). Hydrolysis of this bond permits continued phosphorolysis
of the 1limit dextrin to the next branch point.

Illingworth, Brown and Cori have recently reported (18,19) the
occurrence of slow denovo synthesis of glycogen from G-1-P without a
glycogen primer being present. This reaction may be of importance in
the generation of polysaccharide in embryonic tissue where little or
no primer polysaccharide is present.

Leloir and coworkers have discovered an alternate pathway for
glycogen biosynthesis. The reaction

UDPG + (Glucosyl)n —> UDP + (Glucosyl)n .1

e
was first demongtrated in liver (10), and the enzyme was later puri-
(
fied from muscle (11). This enzyme, UDPG glycogen transglucosylase,
mediates the donation of a glucose unit in a-(1 —> ) linkage to

amylose or glycogen. It cannot cause further branching of the molecule

and does not appear capable of degrading it.

Variations in Glycogen Structure

Reports in the literature indicate that structural modifications

of glycogen occur to a limited extent. Wolfrom and Thompson found
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isomaltotriose and nigerose among the acid hydrolysis products of beef
liver glycogen (12). This indicates consecutive a-(1 —> 6) linkages
occur to a limited extent in adjacent positions in the molecule and
that some a-(1 —> 3) linkages are also present. The hydrolysis tech-
nique is designed to minimize reversion (23).

The glycogen hydrolysate was fractionated by column chromatography
into disaccharide and trisaccharide components. The disaccharide mix-
ture was subjected to acetylation, fractional crystallization, and
column chromatography. This procedure yielded isomaltose and maltose
octaacetates both of which are predicted from the classical structure
of the glycogen molecule. In addition a very small amount (2 mg.) of
nigerose octaacetate (3-0-a-D-glucopyranosyl-D-glucopyranose octaacetate)
was isolated. This is an extremely small amount considering 92 grams
of glycogen were hydrolized.

The trisaccharide mixture was fractionated and subjected to prepar-
ative electrophoresis. One component was isolated which showed an
optical rotation similar to that reported for isomaltotriose. A
molecular weight determination indicated it to be a trisaccharide. A
sample of this material was reduced with hydrogen under pressure. It
was subsequently partially hydrolized with acid and the hydrolysis
products were acetylated. The mixture was subjected to Magnasol-
Celite column chromatography. Three components were resolved by this
procedure. They were identified as isomaltitol nona acetate, B iso-

-
maltose octaacetate, and D-glucitol (sorbitol) hexacetate. The efflu-
ent also contained one component identified as D-glucopyranose penta-

acetate. The faét that isomaltitol nona acetate was isolated proves

-
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that the reducing hexose is linked through its six position to the
second monosaccharide. Since isomaltose octaacetate was isolated and
the parent compound was a trisaccharide, the second hexose must be linked
through its six position to the third sugar in the trisaccharide. This
type of fragmentation analysis may be easlly compared with the amino
acid sequence technique commonly employed in protein structural studies (2l).

Methylation of glycogen, followed by hydrolysis of the methylated
derivative, is a useful technique in structural determinations. This
process should produce a molar proportion of di-O-methyl-D-glucose
(from the glucose units located at the branch point) equal to that of
2,3,4,6 tetra-O-methyl-D-glucose if the postulated structure of gly-
cogen is correct, Reports (3,25,26) indicate, however, that the ratio
of di-O-methyl-D-glucose is significantly higher than the ratio of the
2,3,4,6 tetra-O-methyl derivative, This has been attributed to in-
complete methylation. The di-O-methyl-D-glucose (25-27). This could be
a result of either incomplete methylation or demethylation brought
about during hydrolysis., Further work will have to be done to as-
certain fully the significance of these other derivatives.

Abdel-Ahker and Smith (28) have made use of an unusual technique
to study the (1 —> 3) linkage postulated in glycogen. Several
glycogen specimens were each treated with periodate yielding a poly-
aldehyde. This was chemically reduced to a polyalcohol and this
product subjected to acid hydrolysis. The accepted structure of
glycogen demands that terminal non-reducing groups each yield one
mole of glycerol while all other residues give erythritol. Glycol-

aldehyde is split from all residues also. However, in addition to
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these three compounds, free glucose was found to be a component of the
hydrolysis mixture in all samples tested. This Is strong evidence in
favor of a (1 —> 3) linkage, because glucose units with this type of
linkage would be inert to attack by periodate. A second treatment of
the polyalcohol with periodate still failed to eliminate glucose as a
product of hydrolysis, Their data indicate that approximately one out
of 120-150 glucose units are joined by a (1 —> 3) linkage. Although
the possibilities of a (1 —> 2) linkage cannot be discounted by this
type of evidence, these experiments coupled with the isolation of
nigerose octaacetate strongly suggest that some (1 —> 3) linkages are
indeed present. The presence of (1 —> 3) linkages has been proven in
amylopectin (29) and is indicated in glycogen from the snail Helix
pomatia (30).

Peat, Roberts, and Whelan reported (31) the isolation of L4-O-a-D-
glucopyranosyl-D-fructose (maltulose) from chromatographic effluents
of amylase hydrolyzates of pregnant rabbit liver glycogen (Figure 1).
More than 200 mg. of maltulose were obtained from six grams of glycogen
2:3-L:5 diacetone fructose was prepared from a yeast a glucosidase
hydrolysate of the isolated maltulose and the original disaccharide
also ylelded a phenylosazone identical to maltosazone. Authentically
synthesized maltulose compared in optical rotation, melting point,
iodine consumption, and acid hydrolysis rates with the isolated disac-
charide. No evidence for the location of this fructose in the glycogen
molecule was given but the fact that glucose is linked to CL of fruc-
tose would indicate that this ketose is in a position other than the
terminal non-reducing point in the branches.

Certain discrepancies in the average length of the repeating unit
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of glycogen have been reported. Bell found that when fasted rabbits
were given galactose, they produced glycogen consisting of 18 glucose
molecules per repeating unit (32). This was deduced from the percent-
age of 2,3,4,6 tetra-O-methyl-D-glucose obtained from methylation and
hydrolysis. Bell also reported (33) that glycogen from whole tissue

of the mussel Mytilus edulis contained 18 glucose monomers in the

average repeating unit (i.e., CL = 18).

Haworth et al. (3) obtained rabbit liver glycogen from a commer-
cial source which was found to contain a CL of 18 as evidenced by
methylation data. Halsall, Hirst, and Jones repeated the work of
Haworth, but used periodate oxidation to measure the repeating unit
size (34). They used the same specimen of glycogen and obtained a
CL of 18 also. Further, they examined another commercial sample of
rabbit liver glycogen and obtained a CL value of 18. All other samples
examined had a CL of 12, Methylation studies by Bacon et al. (35)
revealed that the feeding of sucrose to rabbits produces a liver
glycogen with a CL of 18 while fructose and glucose diets led to the
formation of 12 unit glycogen. Rabbits used as sources of commercial
glycogen are often fed sucrose to stock the livers with polysaccharide.
This may explain why these two samples of glycogen have an abnormal
average repeating unit size.

Abdel-Ahker and Smith (8) also have conducted experiments to
study the average repeating unit of glycogen. They examined glycogen
from 37 sources from many different species. Periodate oxidation was
employed to determine repeating unit size. Galactose when administered

to horse, rabbits, and guinea pigs, gave glycogen with a CL of 11-13.
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This is in disagreement with the work of Bell (32). One rabbit liver
sample was checked using methylation analysis and gave a value of 12

by this method also. A sample from Mytilus edulis was found to con-

tain a CL of 12 in contradiction to the value reported earlier by
Bell (33). In none of the thirty control samples, including one from
a commercial source, was a glycogen with an average repeating unit of
18 encountered. The authors suggest that since the majority of data
favoring 18 unit glycogen has come from methylation studies this may
represent a loss of the volatile 2,3,L4,6-tetra-O-methyl-D-glucose dur-
ing fragmentation analysis. However, further work is necessary to
determine the effect of feeding sucrose to rabbits on the nature of
the glycogen produced. Enzymatic studies (36) for end group assays
involving the successive action of salivary amylase and plant R-enzyme
indicated that a sample of rabbit liver glycogen had an average chain
length of 12.5. A check of this sample by periodate oxidation gave
a value of 13.6.

Illingworth and Cori (37) in 1952 described several cases of ab-
normally high glycogen deposition in the tissues of humans. Later
work (38) by this group resolved the deposition disorders into four

general types.

Type I An accumulation of glycogen of normal structure in the liver
and kidneys, with an associated deficiency of glucose-6-phosphatase.

This condition is known as von Glerkes disease.

Type II A generalized storage disease in which all tissues contain
large quantities of glycogen of normal structure. As the heart muscles

are affected, infants usually die within a few months after birth (15).
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No enzyme deficiencies have been reported. There does not appear to
be any elevation of phosphorylase or UDPG glycogen transglucosylase

in tissues of patients with this type of disorder (39).

Type III Characterized by glycogen with short outer branches. Glyco-
gen accumulation in tissues is again generalized and is due to a speci-

fic lack of the enzyme amylo 1—> 6 glucosidase.

Type IV Only one case has been observed to date by Cori's group (37).
This polysaccharide had a CL of 21 and stained red-purple with iodine.
Actually the molecules appeared to resemble amylopectin in physical
character. Only liver "glycogen" was analyzed but other clinical evi-
dence indicated the accumulation was general in this particular patient.

Polglase, Brown, and Smith (L4O) have studied liver and muscle
glycogen preparations from normal humans, animals and human subjects
with glycogen storage disease and von Gierkes disease. All human
glycogens were found to contain two components as evidenced by sedi-
mentation data except for the patient with von Gierkes disease. This
glycogen was found to contain only one component. Rat glycogen was
found to be composed of one component while rabbit liver glycogen was
compsed of two., Most human muscle glycogens were found to be made up
of two fractions while rat muscle glycogen was composed of only one.

The authors feel that the absence of the secondary component in
the patient with von Gierkes disease may be of significance. It is
possible that the enzymatic disorder associated with the condition may
be accompanied by a change in the physical nature of the glycogen.

The majority of ultracentrifuge studies tend to indicate that

most glycogens are homogenous. Lewis and Smith, however, have reported(Ll)
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the unusual fact that all glycogens studied in their laboratory are
electrophoretically heterogeneous. Using glass fiber paper and sodium
hydroxide as solvent, glycogens were all found to migrate as two dis-
tinct components, In all cases the slower components all migrated at
the same rate but the faster ma jor components of different glycogens
had varying rates of mobility. Heterogeneity was also observed with
amylopectin and potato amylose. In addition to the above material
many other types of polysaccharides were studied. Some displayed
homogeniety while others were heterogeneous by electrophoretic cri-

teria.



MATERIALS AND METHODS

Reagents and Substrates

Rat glycogen was obtained from a mixed male and female population.
A lactating Holstein cow and Hereford steers served as sources of
bovine glycogen. Various glycogen preparations were also obtained from
Leghorn chicks. Highly purified potato starch was a gift from Dr.

Jean Burnett. Maltose was obtained from Pfansteihl Chemical Company,
further purified by column chromatography on Darco G-60 Celite (L2)
and recrystallized twice from aqueous ethanol. The purified maltose
melted at 118° (43) and had a specific rotation of +130° (LL). Galac-
tose C1%4 was purchased from Volk Chemical Company and had a specific
activity of 1.38 uc/hg. Other sugars were obtained from Pfansteihl
Chemical Company as reagent grade compounds and were used without
further purification. Defatted Jack Bean meal was purchased from
Sigma Chemical Company. Amberlite IRL5 (OH-) and IR120(H+) ion ex-
change resins were purchased from Rohm and Haas Company. Glucose
oxidase (purified) containing catalase, was obtained from the Nutri-
tional Biochemicals Company. Methylphenyl hydrazine was purchased from
the Eastman Chemical Company.

Galactose-methyl-phenyl hydrazone was prepared as described by
Hirst, Jones, and Wood (45). The white crystals melted at 185-186°
(uncorr.) and were optically inactive (L43). The presence of glucose
or maltose did not interfere with the preparation of this compound (L5).

Concanavalin A was prepared by the method of Cifonelli and Smith (L6).

18
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Qualitative Measurements

Descending chromatography was carried out on Whatman No.l filter
paper for the identification of hydrolysls components of the poly-
saccharides. Whatman No.3 paper was used for preparative chromatography.
Solvent systems employed were butanol-pyridine-water (6:l4:3 v/v) for
one dimensional chromatograms (47). For two dimensional systems water
saturated phenol (L46) was used in the first direction with butanol-
pyridine-water (6:4:3 v/v) in the second direction. Detection of spots
was accomplished using the ammonia silver nitrate method of Trevelyan

(49). Radioautography was accomplished using Kodak no screen X-ray film.

uantitative Measurements

Total phosphorus determinations were performed using King's method
(50) or by the Fiske-SubbaRow procedure as outlined in Methods in
Enzymology (51). Reducing power was measured by the method of Park and
Johnson (52) and total carbohydrate by using the phenol sulfuric acid
procedure of DuBois et al. (53). Nitrogen was determined utilizing a
modified Nesslers reagent (54). Radioactivity measurements were made
in a scintillation spectrometer. The samples were dissolved in 0,01
to 0.1 ml H,0 and 5.0 ml of absolute ethanol. Then 10 ml of scin-
tillating fluid were added which was made from L.O g of 2,5-diphenyl-
oxazole and 50 mg of 1,L-bis-2-(5-phenyloxazolyl)-benzene made up to
one liter with toluene (55).

Thixatropic gel was obtained from Packard Instrument Company and
was used as a 2 1/2% solution in the scintillating fluid to enable

counting concentrated sugar solutions.
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Optical rotations were determined in a Model D Keston polarimeter
unit using a 0.5 dm cell with a Beckman Model D.U. spectrophotometer
equipped with a Gilford recording attachment (56). Periodate oxida-
tions were performed according to the method outlined by Abdel-Ahker
and Smith (8) but using a sucrose standard, NaOH as a neutralizing
agent, and methyl red as indicator (57). Ultracentrifugation of glyco-
gen was performed in a Spinco Model E analytical ultracentrifuge with
the assistance of Mr. Harold Swaisgood of the Department of Food Science,

Michigan State Unlversity.

Maintenance of Chicks

One day old chicks were obtained from the Poultry Science Depart-
ment of Michigan State University and distributed at random in heated
brooders. They had free access to water and feed at all times,

One group was fed a completely synthetic basal diet which is
detailed elsewhere (58). The second group received exactly the same
ration but with galactose (Pfanstiehl N.F.) substituted for a portion
of the glucose so it accounted for 15% of the total diet. The chicks
were observed for the onset of toxicity symptoms (about seven days) at

which time the entire populations were sacrificed for liver tissue.



EXPERIMENTAL PROCEDURES AND RESULTS

Purification of Glycogens

Extraction and Precipitation. The initial purification step was based

on minor modifications of the method outlined by Somogyi (59). It
combined the use of low alcohol concentrations to remove impurities
which adhere to the glycogen, with the use of acid precipitation to
eliminate protein contaminants.

Rat and bovine livers were removed immediately after death of
the animals, weighed, cut into small pieces and placed in crushed ice.
Chick livers were placed directly in the digestion solution after
their excision from anesthetized birds. Digestion was carried out
by adding 2 ml. of 50% NaCH per gram of wet liver and heating three
hours on a steam cone with occasional stirring during the first hour.
Upon cooling slowly to room temperature lipid material congealed on
top of a clear liquid.

The viscous liquid was gently poured from underneath the solid
layer. This layer was then dispersed and heated in a volume of water
about equal to that of the original digest. After adding NaCl, a
clear liquid was separated by filtration. One half volume of 95%
ethanol was added slowly with stirring to the combined filtrates. The
crude glycogen was allowed to flocculate overnight at room temperature.

Without disturbing the precipitate, the supernatant solution was
gently siphoned off until a small volume remained above the insoluble

material which was removed by centrifugation.

21
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A wash solution was prepared by mixing two volumes of 20% NaOH
and one volume of absolute ethanol. The crude polysaccharide was resus-
pended with wash solution in the centrifuge bottles repeatedly until
the 1liquid was colorleés. It was finally washed once with 95% ethanol.

The impure glycogen was dissolved in water. Any insoluble material
was removed by centrifugation., The clear liquid was treated with 2N HC1
at room temperature until the pH of the solution was approximately 2-3
as determined with pH paper. The fine, highly dispersed precipitate
which formed was flocculated by the addition of 50 ml. of 95% ethanol
for every 100 ml. of solution. It was found at this point that centri-
fugation was a more efficient means of removal of this insoluble
material than filtration. Additional 95% ethanol was added to the
centrifugate to raise the alcohol concentration to approximately L5%
which was sufficient to cause complete precipitation of the glycogen
in the acid medium. The precipitated material was allowed to settle
our overnight at 29 and was then collected by centrifugation. It was
washed twice with L5% ethanol, twice with 95% ethanol, once with
absolute ethanol, once with ether and dried in vacuo at room temperature.

The white powder was dissolved in water and dialized against
sloﬁly running distilled water at 29 for 6 to 7 hours (about 18 to 20
liters). The glycogen was reprecipitated by the addition of an equal
volume of absolute ethanol and washed once with 95% ethanol, twice with
absolute ethanol, and finally with ether. Glycogen at this stage of

purity will henceforth be called Preparation I (Table I).

Precipitation with Concanavalin A. Concanavalin A is a globulin iso-

lated from Jack bean which shows a narrow range of specificity of a
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Table I. Analytical Data for Preparation I Glycogens

Sample Male Rat Female Cow Basal Galactose

Rat Chicks Toxic Chicks
[a]D(c,o. 5 water) +1990 —_— +1960 +1930 +1960
Reducing Power
p'at Glu. 0016 — 0013 — O.ll
mg. Glycogen
Total Phosphorous
0 0 <.2 _—

pgP 0

mg. Glycogen
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precipitin complex formation with polysaccharides (L6). Tables II and
IIT 1list polysaccharides which have been tested by Cifonelli et al. (60,
61) and by the author. In addition the table lists the presence or
absence of a visible precipitin reaction based on a turbidimetric
method (L6).

Concanavalin A shows a high degree of specificity towards glyco-
gens of various sources. It has been suggested that D-glucose poly-
saccharides which are positive in their reaction with Concanavalin A
should be classified as true glycogens.

Two grams of each preparation I glycogen were dissolved in 200 ml.
of 2% NaCl and LOO ml. of Concanavalin A preparation were added. A
white precipitate formed immediately. This amount of Concanavalin A
was found to be in excess since further precipitation could be caused
by adding more glycogen to the supernatant solution from the original
precipitation reaction. The precipitate was allowed to flocculate one
hour at room temperature and was centrifuged. The pellet was thoroughly
dispersed in 100 ml. of 2% NaCl and recentrifuged. To the pellet was
added L5 ml. of water and 8 drops of 20% KOH. It was stirred until
all of the complex was in solution. Finally it was heated three minutes
in a boiling water bath to help denature protein and cooled to 00,

Four volumes of ice cold 10% TCA were added to the solution and the
resulting precipitate allowed to settle at 09 for 2 hours. It was
then centrifuged and the precipitate washed once with 60 ml. of 5% TCA.
The centrifugate and wash were combined and glycogen precipitated by
addition of 275 ml. of ice cold 95% ethanol. It was washed once with
50% ethanol, once with 95% ethanol(overnight at 2°) and finally once

with absolute ethanol,



25

Table II. Specificity of Concanavalin A Reaction with Various Poly-
saccharides.(Data from work of Cifonelli et al. (60,61))
Reaction with  Known or presumed
Polysaccharide Source Concanavalin A to contain
Galactose
1 Glycogen 37 sources + -
2 Glycogen limit
dextrin from B 1liver + -
amyloysis
3 Heparin beef lung + -
L, Mannan yeast + -
5 Starch potato, corn - -

6 Amylopectin
7 Amylose
8 Dextran

9 Chondroitin
sulfate

10 Hyaluronic
acid

11 Galactogen

12 Starch after
B amyloysis

13 Glycogen after
a amylolysis

potato, corn
potato, corn

L. mesenteroides

unspecified

unspecified

beef lung

corn

liver
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Table III. Specificity of Concanavlin A Reaction with Various Poly-
saccharides (Data from present work).

Reaction with

Known or presumed

Polysaccharide Source Concanavalin A to contain
Galactose
Glycogen cow + -
Glycogen basal chick + -
Glycogen galactose + +
toxic chick
Glycogen rat + -

Starch
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Acetylation Extraction and Deacetylation. The possible merit of

acetylating glycogen for the removal of proteinaceous and lipid mater-
ial has been reported and the data supports this conclusion (60). For
the purpose of insuring complete removal of protein from the Concanava-
lin A step and for the further purification of the glycogen, acetyla-

tion, washing and deacetylation were carried out on these preparations.

To the Concanavalin A positive polysaccharides, still moist with
alcohol, were added 50 ml. of reagent grade pyridine and the glycogen
worked until in solution. Fifty ml. of redistilled acetic anhydride
(BP 116 - 117°) were added slowly with stirring but with no external
cooling. The reaction vessels were stoppered and allowed to stand
2Ly hours at room temperature. The solutions were then poured slowly
with vigorous stirring into an ice slush mixture. The white precip-
itates were filtered with suction. They were washed several times
with water and refiltered each time. A final wash with 5% ethanol
used before drying was at 809 in vacuo for 3 hours.

The deacetylation process was begun in acetone solution to which
was added one equal volume of 20% KOH. The two layered system was
heated gently ten to fifteen minutes with stirring. At completion of
the reaction the lower aqueous layer, containing the regenerated
glycogen assumed an opalescent appearance. The layers were separated
and the aqueous layer was acidified slightly by adding cold glacial
acetic acid slowly to the chilled solution. Precipitation of glycogen
occurred subsequently when two volumes of absolute ethanol were added.
The glycogen was reprecipitated twice from water with t%o volumes of

absolute ethanol. Before the second reprecipitation each sample was
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filtered through a bacterial filter to remove traces of lint and insol-
uble material. The glycogens were washed successively as described for
preparation I glycogens then dried at room temperature in vacuo. The
yields of these preparation II glycogens from preparation I material

averaged about 60% by weight (Table IV).

Removal of Galactose C1% during Purification of Glycogen. Steer liver

was divided into two 86 gram batches; 5.0 g. of galactose was added to
one and 5.0 g. of galactose + 5.5 mg. galactose-1-C'% was added to the
other., The sample without radioactive material served as background
and was included in counting standards. The specific activity of the
galactose was 605 dpm/umole after dilution. Each sample was digested
in alkali and 1lipid material removed as previously described. It was
found that 81% of the total disintegrations added initially were re-
covered In the liquids immediately prior to the first alcohol precipi-
tation. Fractionation of both glycogen samples was continued up to
the point where the glycogens were subjected to dialysis in the pre-
viously described purification.

A portion of each sample was then dissolved in water. Determina-
tions of total carbohydrate, reducing power and radicactivity were
made. The glycogen was hydrolyzed prior to counting where it was
necessary to use a thixatropic gel as described previously in order
to obtain a complete suspension of the hydrolyzate at the concentra-
tion employed.

The data in Table V show that this portion of the purification

process is completely adequate to remove all detectable free galactose
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Table IV. Analytical Data for Preparation II Glycogens.

Female Basal Galactose

Sample Male Rat “p ¢ COW  Chicks Toxic Chicks
[6]5(c,0.5 water)  +19L0 #1940 +1960  +1910 +1930
Reducing power
kg glucose 0.5 0.091 0.11  0.15 0.08
mg glycogen
Total Phosphorous
kg P 0 0 0.1 <0.1 <0.1

mg glycogen

Total Nitrogen

kg N_ — S R — 0.1
mg glycogen
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Table V. Removal of Free Galactose from Steer Glycogen During

Purification

Total Reducing dpm/mg
Sample carbohydrate  power mg counted CPM Above
mg/m1 mg,/m1 background
Radioactive 200 0.002 20 15.8 0

Non-radioactive 200 - 20 15.9
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even when an amount greater than 5% of the total wet weight of the
tissue was added exogenously. It should be noted that the efficiency
of the counting was 57% in this experiment. With a specific activity
of 605 dpm/hmole, 1 pg of galactose per 2.0 mg. of glycogen would re-
sult in about 20 counts per minute above background whereas the glyco-
gen fractionated in the presence of radioactive galactose had no de-
tectable counts. Since the various glycogen preparations were all
subjected to further exhaustive purification, it is inconceivable that
the galactose found associated with the glycogen could result from

free galactose or a low molecular weight contaminant.

Physical Characteristics of Glycogen

Homogeneity. In order to study the possibility that two separate

molecular species may occur in galactose toxic chick glycogen, a

sample (preparation II1) was subjected to ultracentrifugal analysis.

A 1% solution in phosphate buffer at pH 5.6, ionic strength 0.1, was

sedimented at 12,590 rpm at 200 in a Spinco Model E analytical ultra-

centrifuge. Photographs were taken at various intervals during a forty

minute run. At no time did there appear to be a second major compo-

nent (LO) detectable under the experimental conditions (Figure 3).
There does not appear to be any heavy tailing in\the sample,

which would indicate impurities (15). The sedimentation coefficient

was calculated according to the method outlined by Schachman (62) from

photographic enlargements of the L, 12, 20 and 32 minute pictures. The

S,0,, Was found to be 81.0 x 10" 13 sec. which is in excellent agreement

with values reported elsewhere (11,63) for liver glycogen prepared by
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Figure 3.

Photographs of sedimentation patterns of glycogen from galactose
toxic chicks taken at various time intervals.

The times given are minutes after attaining 12,590 RPM.

A, O; B, 43 C, 8; D, 12; E, 165 F, 203 G, 243 H, 323 I, LO.

(For details see text)
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alkall extraction., This represents a molecular weight of approxi-

mately 5 x 106,

Average Chain Length. These experiments were carried out in order to

determine what effect a galactose diet might have on the size of the
repeating unit of chick liver glycogen. This could reflect alterations
of carbohydrate metabolism due to galactose ingestion.

Samples of glycogen from chicks fed the basal diet, galactose diet,
rats (50% female and 50% male by weight) and cow were dried at 1100
for two hours. Sucrosé, which served as a standard, was treated sim-
ilarly. Carbon doxide free sodium hydroxide solution was prepared
and standardized against analytically pure potassium acid phthalate.
Accurately weighed samples of all glycogens were dissolved in water and
20 ml. of 0.5 N sodium metaperiodate were added to each flask before
making to a final volume of 100 ml, with water. Samples and standards
were quickly cooled and kept in the dark at 59. Twenty milliliter
aliquots of the sucrose solution weré removed at intervals (Figure L),
freed of excess periodate with 0.5 ml. of ethylene glycol, and the
formic acid titrated.

Blank determinations were carried out as follows:

1. An accurately weighed portion of sucrose (about 16 mg.) was
dissolved in 16 ml. of water.

2. Five tenths of a ml. of ethylene glycol and 4 ml. of Q0.5 N
NaIO, were added.

3. After standing 15 minutes in the dark at room temperature the

samples were titrated.
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Figure L.
Periodate Oxidation of Sucrose

(For Details see Text)
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As can be seen in Figure L the oxidation of sucrose was essentially
complete at 92 hours. This represents 91% of theoretical on the basis
of sucrose added. Therefore, it was assumed that the glycogen was
underoxidized to the same extent and a correction was made for the
amount of formic acid produced in calculating the average chain length
of the polysaccharides (57).

Fifteen ml, aliquots of aqueous glycogen solutions were titrated
at 92, 95 and 99 hours after the addition of periodate reagent. The
formic acid yield remained constant over this period. In separate
experiments glycogen samples were titrated to check the presence of
base titratable material in the absence of ethylene glycol and sodium
metaperiodate. These were negative. Calculations of average chain
length were made from the average of values obtained after 90 hours
incubation. The data in Table VI indicate that the average length of
the repeating unit of all glycogen samples examined is the same. There
does not appear to be any formation of an 18 unit glycogen from feed-
ing chicks a 15% galactose diet. This is in agreement with the data
of Abdel-Ahker and Smith (8) with regard to the effect of galactose

ingestion on glycogen structure in animals.

Evidence for Galactose in Glycogen from

Galactose Toxic Chicks

Chromatographic. In the following experiments it was assumed that a

hydrolyzate of glycogen would produce only a glucose spot when subjected
to chromatography. In order to examine the molecule for components

which might be present in small amounts, it was considered necessary to
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Table VI. Periodate Oxidation of Glycogens

Total mg. Total milli- Millimoles Average Length

Sample Glycogen moles glucose formic acid of
Oxidized per sample producedi* Repeating Unit
mg/162.L

Bovine 79.5 0.490 .0396 12.3
Rat 51.8 0.320 .0256 12.5
Chicks
Basal 81.2 - 0.500 .0396 12.6
Galactose

Toxle Chicks 79.1 0.L86 .0380 12.8

*Millimoles of HCOOH produced corrected for incomplete oxidation of the
sucrose standard.



39

selectively remove the glucose before chromatography to eliminate a
swamping effect of this hexose. Conditions employed for hydrolysis

of compounds of this type are such that artifacts of hydrolysis or
reversion products are frequently produced. For this reason it was
necessary that polysaccharides and oligosaccharides of similar bio-
logical origin and chemical composition be used for controls. Through-
out the experimental procedures control polysaccharides received
exactly the same treatment as the experimental sample.

The various glycogen preparations, maltose and potato starch, were
hydrolyzed by dissolving 10 mg. of each in 1.0 ml. of 4 N H,SO, and
heating 30 minutes in a boiling water bath. After cooling, the solu-
tions were passed slowly through individual columns (0.6 x 12 cm.) of
Amberlite IRL5(OH”) and the monosaccharides were eluted from the col-
umns by washing with water. The removal of sulfate ion was complete
as evidenced by failure of the effluents to form a precipitate in the
presence of 0.3 N Ba(OH),. The eluates, about 10 ml. pH L.5, were
evaporated to dryness. Residual material was dissolved then trans-
ferred to the main compartment of Warburg flasks with the aid of a
micropipette., Three 0.3 ml. fractions of O.4 M Na acetate-cacodylic
acid buffer at pH 5.6 were added to aid complete transfer of carbohy-
drate to the Warburg vessel. The large excess of glucose in the
hydrolysate was removed by glucose oxidase. This was prepared by dis-
solving 4.0 mg. of the enzyme preparation in one ml. of .05 M Na
acetate-cacodylic acid buffer pH 5.6. An aliquot (0.15 ml.) of this
enzyme solution was added to the sidearm and the flasks equilibrated

with shaking for 10 to 15 minutes at 300. The components were mixed
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and when oxygen uptake ceased the reaction was discontinued. The solu-
tions were then removed from the flasks and the flasks rinsed several
times with water, To remove electrolytes the combined reaction mixture
and rinsings were put through individual columns (0.6 x 10 cm.) of
Amberlite IRlZO(H+) and Amberlite IRL5(OH ) prepared by constructing
equal alternate layers of the two resins in the same column., Follow-
ing thorough washing of the columns with water the effluents were
evaporated to dryness and then dissolved in 0.05 ml. water and applied
to chromatograms or stored in the deep freeze.

In a series of trial experiments with bovine glycogen this hydroly-
sls procedure was followed using added radioactive galactose. About
80%of the radioactive galactose could be recovered for chromatography.
This recovery seemed reasonable considering the manipulations involved.

Glycogen from the various sources, starch and purified maltose,
were hydrolyzed and prepared for chromatography as described above.
Four representative chromatograms are photographed in Figure 5. Hydro-
lyzates from all of these specimens show an identical chromatographic
pattern with the exception of the hydrolyzate of glycogen from galac-
tose toxic chicks. This hydrolyzate shows one extra major component.,
Identification of the common components is as follows: The dark spot
nearest to the origin is gluconate. This was deduced from a compari-
son of mobility of authentic gluconic acid in both solvent systems
independently. The gluconate is present as a result of incomplete
removal during deionization of the enzymically treated hydrolyzates.
The spot immediately to the left and above gluconate is probably iso-

maltose as judged by its mobility relative to glucose in both solvent
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Figure 5

Photographs of chromatograms of hydrolyzates of various polysaccharideé.
Direction of solvent flow is indicated by arrows.
Spots identified in each chromatogram from left to right
Male Rat:  Fructose, Isomaltose and Gluconic Acid.
Potato Starch: Fructose, Glucose, Isomaltose, and Gluconic Acid.
Basal Chicks Fructose, Glucose, Isomaltose, and Gluconic Acid.
Galactose Toxic Chick: Fructose, Glucose, Galactose, Isomaltose,

and Gluconic Acid.

(For details see text)
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systems (L7,6L). Further when this compound is eluted and hydrolized
in acid, glucose is the only sugar detectable in the hydrolyzate.
Glucose 1is to the left and above isomaltose. In some cases the enzy-
matic oxidation effects complete removal of glucose from the hydro-
lyzates for example in the male rat glycogen sample. In the photograph
of the derolyzate of the glycogen from galactose toxic chicks, galac-
tose appears to the right and above glucose. The fastest moving com-
ponent in all chromatograms is fructose. The identity of these last
three sugars mentioned is based upon comparison of their mobilities
relative to glucose in the two solvent systems and with authentic
materials. The identity of this extra component as galactose was
further EOnfirmed by its co-chromatography with authentic galactose C14,

The presence of glucose 1s naturally expected. Isomaltose is a
fragmentation product resulting from the hydrolysis of starch and gly-
cogen. Its presence in the maltose hydrolyzate is probably due to
acid reversion (65). The fructose arises most probably during hydrol-
ysis by an acid catalized isomerization or during neutralization or
deionization by a base catalysis (66).

Glycogen from chicks fed the basal diet shows a very faint galac-
tose spot. The fact that chicks tend to incorporate this sugar even
on a basal diet may be related to the extreme sensitivity of chicks to

galactose,

Galactose in Components Separated from Glycogen by Factional Precipita-

tion. To define further the relationship between galactose and the
glycogen molecule, fractional precipitation of glycogen was performed.

Glycogen from chicks fed galactose was isolated and purified as
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described above for preparation II. Fifty mg. of this preparation
were dissolved in 5.0 ml. of water and absolute ethanol was added
slowly until the first well defined precipitate was formed. The pre-
cipitated polysaccharide was removed by centrifugation and the super-
natant liquid transferred to a second vessel. To this supernatant
more alcohol was added until a second well defined precipitate formed
which was separated as before. This process was repeated until three
fractions were obtained (see Table 7). The separate fractions were
washed once in 4.0 ml. of absolute ethanol, once with ether and were
dried in vacuo., All three fractions showed the typical iodine color.
The supernatant from the third fraction was treated with additional
alcohol but no further precipitation occurred. It was therefore con-
centrated and dried withoﬁt washing. Ten mg. each of fractions 1, 2,
and 3 and the entire residue from the supernatant (fraction ) were
hydrolized and treated in the usual manner for removal of glucose. As
evidenced by chromatography, the galactose was present in all components
of the glycogen (Figure 6). Lanes 1, 2, and 3 are from hydrolyzates
of fractions 1, 2, and 3 respectively. Lane L contains material from
the final supernatant. There is no single fraction which contains all
of the galactose. A low molecular weight oligosaccharide as a contam-
inant should be ruled out as it would accumulate primarily in fraction
four. This experiment indicates very strongly that the galactose is

associated with a polysaccharide.

The Isolation of a Crystalline Derivative of Galactose from Glycogen.

Five grams of glycogen from chicks fed galactose (preparation I) was

hydrolized in 2 N H,SO, (100 ml.) for 90 minutes in a boiling water
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Table VII. Fractional Precipitation of Glycogen.

Total ml. Wt. Fraction
Fraction No. EtOH added (mng.) Iodine color
1 3.2 11.1 Red Brown
2 3.3 16.2 Red Brown
3 3.6 14.3 Red Brown

L L.9 — -
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Figure 6
Photograph of chromatogram of hydrolyzates of fractions obtained
from fractional precipitation of glycogen from galactose toxic
chicks.
Lane Nos. 1, 2, 3, and L are material from glycogen fractions
1, 2, 3, and L respectively.
Standards according to increasing mobility: Lactose, Maltose,
Galactose, Glucose, Mannose, and Xylose.
Solvent System: Butanol:Pyridine:Water (6:L:3 v/v) descending;

2L, hours.

(For details see text)
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bath. The hydrolyzate was cooled and neutralized (pH L.5) by the slow
addition of solid Ba(OH), then a solution of 0.3 N Ba(OH),. The BaSO,
was removed by centrifugation and the precipitate was washed twice
with water. The washings and original supernatant liquid were com-
bined, filtered, and evaporated to a syrup under reduced pressure.
The syrup was diluted with 250 ml. of O.4 M acetate buffer pH 5.6 and
25 mg. of glucose oxidase preparation were added to oxidize the glucose.
The reaction mixture was stirred mechanically and change of reducing
power was used to follow the course of the reaction which required
about 16 hours at room temperature. The reaction mixture was deionized
by passing it through a column (42 x 2.1 cm.) of alternate layers of
Amberlite IR120(H+) and IR 45(0H ). The column was washed with water
and the neutral sugars were concentrated. This deionizing and washing
process was repeated. The effluent was concentrated to a syrup and
diluted in 30 ml. of water and frozen., Half of the material was con-
centrated and applied evenly on a line on two sheets of Whatman No. 3
paper (L6 x 57 cm.). The chromatograms were developed in butanol,
pyridine and water (6:L4:3 v/v) for 2l hours and then air dried., Marker
strips were cut from the edges and center of each sheet, the galactose
band was located, excised, and eluted with water. An estimate of total
carbohydrate (53) indicated that approximately 6.2 mg. was present
(not all galactose). The liquid was concentrated to a syrup and then
0.3 ml. H,0 added. Three tenths milliliter of freshly prepared methyl
phenyl hydrazine reagent (L5) was added and the mixture was held over-
night at 33%. A few crystals formed during this time. The reaction
mixture was placed in an ice chest for a few hours and more crystalli-

zation occurred. The crystals were collected by centrifugation,
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washed several times with ice cold 5% ethanol and dissolved in hot L5%
ethanol. Insoluble material was removed by centrifugation and the
supernatant liquid containing the dissolved derivative was transferred
to another vessel for recrystallization. The crystals were washed in
ice cold L5% ethanol, ice cold absolute ethanol and dried in a dessica-
tor in vacuo.

Authentic material melted at 185 - 1869; material obtained from
the glycogen at 185 - 186°. The mixed melting point was 184 - 1850
(all uncorr.).

To further identify the galactose, a small quantity of the crys-
talline methyl phenyl hydrazone isolated from the glycogen hydrolyzate

(e.g. 0.5 mg.) was dissolved in 0.2 ml. of hot water. One drop of

benzaldehyde was added and the heating continued for a few minutes. The
mixture was cooled and a white oil formed in the aqueous (upper) layer.
The aqueous layer was separated from the excess benzaldehyde. Benzyl
methyl phenyl hydrazone was extracted with ether and a portion of water
solution was placed on chromatograms. The same procedure was carried
out using authentic galactose methyl phenyl hydrazone. Galactose was
the only sugar present in both samples as judged by chromatography and
co-chromatography with authentic galactose in butanol, pyridine and
water (6:l13 v/v).

In a second experiment 5.0 g. of glycogen were hydrolized and

treated as above except that during the experiment 0.001 M NaF was
present in the incubation of the hydrolyzate with glucose oxidase to
eliminate the possibility that the galactose was a result of bacterial
contamination. The derivative was recrystallized three times from L5%
ethanol. Five and one-half mg. of crystalline product were recovered

which melted at 185 - 186° (uncorr.).



DISCUSSION

It does not appear from the data presented, that the galactose
isolated as a crystalline derivative from glycogen from chicks fed
toxic amounts of galactose could be the result of incomplete purifica-
tion., The absence of chemical reducing activity in the glycogen
eliminates consideration of a monosaccharide impurity. This is further
substantiated by an experiment in which free radioactive galactose
was removed during the first few steps employed in purification of
the glycogen. The total phosphorus values are so low that galactose
esterified with phosphorus is ruled out. Nitrogen data eliminate
glycoprotein impurities from consideration,

Examination of the properties of the glycogen as a polymer indi-
cates quite clearly that the galactose is chemically associated with
the glycogen. Precipitation of glycogen with Concanavalin A or
acetylation, extraction and deacetylation do not remove the galactose
(Figure 7). Since it is known that free sugars do not react with
Concanavalin A, the galactose must be a part of a polysaccharide.
Furthermore, as all glycogens react to the exclusion of many other
polysaccharides, the galactose is very probably a component of the
glycogen.

Fractional‘precipitation of galactose glycogen shows that galac-
tose 1s associated with the three fractions obtained and not solely
with any one fraction. Failure of the residual material to contain
unexpected amounts of galactose points out that a low molecular weight

oligosaccharide is not responsible for the appearance of the galactose

50
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Figure 7
Photograph of chromatogram of hydrolyzates of varlous polysaccharides.
Lane 1 Potato Starch
Lane 2 Glycogen from Galactose Toxic Chick Preparation I
Lane 3 Glycogen from Galactose Toxic Chick Preparation II

Lane L, Standards from top to bottom: Lactose, Maltose,
Galactose, Glucose, Mannose and Xylose.

Lane 5 Maltose (hydrolyzate)

lane 6 Reagent Blank

Solvent system: Butanol:Pyridines water (6:4:3 v/v) descending;
2Ly hours.

(For details see text)
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in the hydrolyzates. Chromatographic evidence indicates the amount of
galactose is approximately the same in the glycogen at various stages
of purification.

The ultracentrifuge patterns show that the glycogen does not tend
to separate into two components. There does not appear to be any
tailing which would suggest the presence of high molecular weight im-
purities or a small second polysaccharide component.

Hydrolysis procedures do not seem to be responsible for the galac-
tose. It was not a component of the hydrolyzates of cow or rat glyco-
gens. Potato starch and maltose were also tested with negative results.
It has been suggested (65) that proper control data for reversion pro-
ducts and artifacts occurring during hydrolysis and structural analysis
is best obtained if di and oligo saccharides containing the main poly-
meric linkage of the polysaccharide are employed rather than the mono-
saccharide itself.,

Dursch and Reithel concerned with the mechanism of the glucose-
galactose interconversion in biological systems hydrolized glucose-L-
phosphate at acid and neutral pH and also with enzymes, to test the
possibility that the C-O bond at C-4 of glucose might be cleaved re-
sulting in a Walden inversion forming galactose. No measurable amounts
of galactose were obtained as evidenced by paper chromatography (67).
Although the same linkage arrangement is present in glycogen, the pos-
sibility for galactose formation during hydrolysis was eliminated in
the present experiments by the use of appropriate controls.

Other natural carbohydrate polymers contain a small amount of a

second sugar. Although the occurrence of these trace components is
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well documented the purpose they serve and the method by which they
are incorporated into polymers is at present not clear. Xylans from
land plants are formed from B-(1 —> L) linked xylopyranose units.
The majority of these xylans, however, contain small amounts of L-
arabanofuranose and D-glucopyranosyl uronic acid attached as single
unit side chains (68).

Mannans, from ivory nut, contain primarily B-(1 —> L) linked
mannopyranose units with two types of non-reducing end groups. Some
chains terminate with D-mannose while others contain terminal non-re-
ducing groups of D-galactose (69). It is not known whether two molec-
ular species are present, one containing D-mannose terminal groups and
the other containing D-galactose units, or whether the D-galactose is
present as single unit side chains. Some classes of mannans are re-
ported to contain D-glucose solely at the terminal reducing end of the
molecule (68).

Inulin, a B-(2 —> 1) fructofuranoside polymer, found in Jerusalem
artichoke, has been shown te contain glucose in such proportion as to
probably be present as one unit per inulin molecule., Hydrolytic
enzymes can cause the degradation of this inulin to fructose and small
amounts of sucrose (70). Although sucrose is the terminal group,
glucose may be found elsewhere in the molecule (71).

The levans (B-(2 —> 6) linked fructofuranoside polymers) of var-
ious plant species have also been found to contain 0.4 to 5.2% glucose
as evidenced by reactivity of acid hydrolyzates with glucose oxidase
(72). The glucose content varies proportionally with the molecular

weight of these substances. One inulin preparation was found to have
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a constant glucose content before and after acetylation and deacetyla-
tion of the polysaccharide. Levan preparations retained their glucose
after several reprecipitations with ethanol., If the glucose were a
contaminant, pruification should tend to lower the glucose content,

Hehre has studied a dextran, (p-(1 —> 6) linked glucopyranose
units) produced by a Streptococcus strain which contains 0.27 to 0.37%
fructose (73). No actively reducing terminal glucose was present in
the molecule. In its place was found a fructofuranoside grouping which
was susceptible to the action of invertase., It is belleved that the
enzyme responsible for synthesis of this dextran utilizes sucrose as
an initial acceptor molecule in the synthesis of the polymer to a
higher degree than the usual dextran sucrase enzyme. A large number
of dextrans examined by Jeanes et al, (74) have been found to contain
only aboﬁt 0.02% fructose which is considerably less than that reported
for the dextran studies by Hehre.

Laminarin, the food reserve of brown seaweed, is a polymer of
B-(1 —> 3) and B-(1 —> 6) linked glucose units (75). Structural
work indicates that two main chains terminate by one being attached to
C-1 of mannitol while the second chain is attached to C-6 (76).
Laminarin molecules which do not contain mannitol have a degree of
polymerization approximately equal to one half of those containing
mannitol. Small amounts of mannose have also been demonstrated in
laminarin (77).

Although these examples are drawn from the plant kingdom, the
unique feature of these compounds is the presence of a major and a

minor component. It does not seem that these trace components are
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the result of a biochemical accident due to an over abundance of a
second sugar in the cell at the time of synthesis as they are wide-
spread in nature.
The relationship between variations in structure of glycogen and
other homopolymers and the biochemical implications of these altera-

tions must awalt further study.



SUMMARY

Small amounts of galactose have been demonstrated in highly puri-
fied preparations of galactose toxic chick liver glycogen. Fractional
precipitation of the glycogen fails to remove the galactose. It is
not removed by specific precipitation with concanavalin A or by acetyla-
tion and deacetylation of the glycogen. Fractionation of glycogen
with added free radioactive galactose results in the complete removal
of this sugar during the early stages of purification. Galactose was
identified by paper chromatography and by crystallization of the galac-

tose methyl phenylhydrazone from acid hydrolyzates of the glycogen.
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