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IRTRODICTION

An unusual influence of the simple amino acld, glyecine,
on the carbohydrabe reserve of the liver was noted by Todd,
Barnes and Cunningham in 19&?(1}. In these experiments
clyelne was Inecorporated into a control dlet by substituting
ten to fifteen per cent of the amino acld for an eaqulvalent
welpht of dextrin. Following the stress of a twenty-four
hour fast, it was found that rats fed the glycine experie
mental ratlion had liver glycogen levels of arcund cne pey
cont wet welght and that 1t excesded by three times the liver
glycogen levels of rats prefed the conbrol dlet, This chang
in behavior of the liver glycogen reserve during stress as
elicited by the incorporation of ﬁhe‘amina acld into the diet
was btermed the "glycine effect"., Other amino scids that were
studied in a sinllsr manner, iwleucine and Leglutamic seld,
exeried no sueh effect while D,L=glunine at a level of 12 per
cent In the dlet caused a slighit increase in the carbohydrate
reserve followlng the stress of a twentyefour hour fast.

The above studies were undertaken to investigate the
pogsilble role of Indlvidual amino acids in the effect of high
protein leedling on pglycogen stores as reporied by Miraki and
¢oworkers in 1338(3). Theae investligators demonstrated that
rats which were fed a high carbohydrate dlet had a higher
iiver plycogen reserve than rata fed a high protein dlet;

tuty followlng a twentyefour hour {ast or following a eold
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stress of several houra duration, the protein-fed unimals hud
a4 preater glycogen reserve than the carbohydrateefed animals.
In work experiments, both groups of animuls demonstrated a
decrease in the level of rlycogen; tut following regovery
periods of four to twenty=four hours and during which no
access to food was permitted,; the animals fed the high prote=
in diet shoﬁéd increased levels of glycogen while the carbow
hydrate;fed animals showed a further deerease in the already
depleted glyecopen stores., irski and coworlkeors termed this
capacity of protein to maintaln carbvohydrate stores "the
proteln effect™, It was discovered thab adrenalectony
abolished this effeet of high diebary protein on carbohydrate
metabollsm, These observablons on the effect of high protein
diets were confirmed by Neuburger and Erown(3), by ouest(4),
and by Todd and eowerkerggl).

Todd and Allen studied the effect of dietary glycine
on liver plycogen in rats subjected to a cold stress or to
a swimning streas{®), It was demonstrated trat clyeine
feeding prowoted higher glycogen reserves in the streszed
animals than did the control diet, Clycagenasis wag more
prominent In the pglycine~fed animals following a recovery
period of one to five hours after the atress,

Furiher studies were undertaken to elucidate the

mechanisn of this amino acid in maintaining glyeogen reserves
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following stress and in stlmulating new glycogen formation.
Cunningham, Barnes, md 7oddf®) gyudied the eflect of #lycine
feeding and insulin administration on glycogen and blood
sugar. No significant difference was found in the levels of
liver and miscle glycogen in the two groups of animals alter
an eliyht hour fast. AL this time twelve units of insulin
(lletin, L1lly) per kilogram body weélght were administered
subcutaneously, After another five hours the glycineefed
animals showed a decrease ln liver glycogen of sixty-one per
cont (from 3.51 per cent to 1.36 per cent welt weight)., The
control animals demcnstrated(a ninety=slx per cent decrease
(from 3+89 to O.13 per cenit), HMuscle siowed similar diffore
ences in loss of carbohydrate reserve., The blood sugar level
in the glyecine~fed animals decrsased only twenby per cent
while in the conbrol animal it decreased lorty~twe per cent,
The data from tihese oxperiments ruled out the possibillity
that tha“glycina effect’ resulte from reduced glyeogenolysis,
aince the posteinsulin blood sugar leovels in the glyeine-fed
anlmals were considerably higher than those of the conirols.
alsc exanined was the possibilivy that the postegtress
extra carbohydrate store of the plycine=fed animals was due
to the conversion of this amino acid sbored ag such or as a
constituent of tlssue protein, Todd and Talman(7) reported

on studies of analyses of free and total glycine in bhlood,
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liver, muscle, intestine, and kidney. The data indicated
that even 11 all the extra glyeine in the vody of glycine=fed
rats were converted completely to carbohydrate; 1t would not
be gufficient to account lor the glycogen difference in the
clycine=fed and controle-fed rats following a Tast or Tolloww
ing an Insulin stress,

Bariier work on the conversion of glyeine to liver
clycogen ineluded that of Iask(8) who found a gquantitative
conversion of inpested glyecine into urinary glucose in
phlorhizinized dogs, In 1953 liaecRay and coworkers reported
that the pealk of glycogen formatlion occurs fourteen hours
after glycine ingestion, thus surgesting an indirect
mechaniam,

Olasen, Hemlngway, and vier(®) gaministered to fasted
mice glyelne labelled wilh the stable isotope of carbon in
the sarbexyl group, After sixteen Lours, it was found that
the liver glycogen level was elevated but the total increase
In glyeogen was not due to gonversion of glyeine to carboe
hydrate since only one per cent of the fed lsobtope was
present in the lsolated glycogen,

Loekett and Tvang (10) roported that glyeine injected
subeutaneously ecsused a reduction in hepatic glycopen in
Intaet mloe and in adrenalectoml-ed cortisoneetreated mice,

In saltemaintalned and in desoxycorticosterone treated
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adrenalectomized nmice glyecine exerted a glycopgen sparing
action equivalent carbon for carbon to that of glucose. A
possible explanation for these observations is. that glycine
administered subcubtaneocusly bto a mouse could act as stress
leading bo glycogenolysis and that the sparing action was
masked in the first group of animals,

fess and Shaffron(ll) giudied the rate of absorptlon
and the formation of hepatic glycogen when glyeline was
stomachetubed to fasting rata. Thelr studies showed that
glycine was definitely gluconeogenic, reachlng a peak at
fourteen hours fellowing the administration of glycine., A
smaller peak was observed at one hour and probably repre=
sents the abllity of glycine to form glycogen directly, The
peak observed at fourteen hours was not attributable to
ﬁel&y@ﬁ abgorption of glyelne from the gastroeintestlinal
tract,

Observations made by Dak! nil2) caused him %o remark ithat
glyeine disturbs the equilibriurm that exlsts aro g amino
aclds or peptides in the body and resulis in the liberation
of anino aclds that are capable of furnishing plucose units,

The fact that adrenalectomy abolishes the hlycine effect”
in the rat combined with the observations on adrenal cortexe
carbohydrate~protein interrelatlionships led Talman(ld)

study the urlnary excretions that reflect end products of



proteln metabolism in the rat. The experiment was desi ned
go that it was pogalivle to determine the amount of nitrogen
inpested and excreted with a high degree of atcuracy, Anie
mals that received the glycine diet retained signilleantly

more nitrogen than the eontrol=fed animuls durings the firat
day of feeding., Iubt when the rats were stressed with a

e

twenty-four fast the animals preled the plycine dilet showed a

ta

irnificantly greabter net nepative nltrogen balance, This
increased nitrogen excrebtion was In excess of the amount of
flycine-nitrogen received In the dlet and all other dietary
nitrogen, The results were interpreted as indicating that
clycine feeding resulted in inereased adrenal cortiecal
acbivity,.

However, unpublished datm on the eclassiczl parameters
of adrenal cortical activity -~ ascorbie¢ acid and cholesterol
levels of adroenal gland after increased activity =- fuil %o
show any significant difference bebween the experimentallys
fed und controlwfed animals after a fasting stress, It is
apparent that ascorvle acid and cholesterol levels do not ashow
& significant dserecase in response to two days of glycine
feeding and the mild stress of fasting, Study of urinary
formaldehydogenic steroids did not ald in the aolution of the
possible mechanlam of the Hlyeine effecth

The accumulation of glyecogen depends upon many reactions,



any of wiich may be limiting end an explanation for the
rhysiological phenomenon may require evalualtlon of all of
these factors(14), the nature of the plycogen molecule is a
factor to be consldered in searching for an explansition of
the "glyeine effect”,

When glyeogen is hydrolyzed completoly, 1t yields alphaw-
Dmplucoge, Only two linkages are found in glycogen == the
alphael,é= and the slpha=l,C6= glucoside linkages. Thls was
arrived at by a detalled study of dimethyl, trimethyl, and
tetramethiyl pluccese units derived {from purified methylated
glycogen by Haworth and asuuciateg{lﬁ}. In 1954 additional
confirmation on the presence of only these two linkages was
presentad by Bell and ﬁ&nners(16}, The linear portlion of the
branched chaing of the polysaccharlides are made up of 1,4
linked glucose residues. Bnancbing occurs bhrough g l,6=

linktage as fllustrated in Flgure l.
CH OH

o~1,6

o= 1,4 ;
Figure 1l Illustrating the alphael,d= and alphawel,b=
linkage in the glyecoren moelecule,



Three models had been proposed for the atructure of
rlycogen, Stavdinger and #usemann(17) proposed a combelike
structure in which each side Lranch arises from a main chain,
On the basls of methylation studies on glyecogen and on end
group analyses, Haworth{(18) orfered the proposal that glyco=
gen is a laminated structure in whieh each branch arigses from
a precedlng branch, Illeyer and coworkers{(19) examined the
propervies of the limlt dextrin obtained by the action of
beta~amylase, Acetates of these molecules, if glycogen has
a8 laminated é%raeturé, should yield elastic fllms on evapos
ratlion of a gsolution on a glass plate., Hut the beta-amylase
1imit dextrin of glyecogen exaporated on a glass pleate could
not be detected as a fllm, Thease observations favored the
irregular, tree-like structure as proposed by Weyers! group.
Jtaudinger, comuenting on the work of X. H., Meyer stated that
his work had anticipated the arrangement qf slucose residues
in glycopen as a treewlike atructure.(zol. Flpure 2 shows
the three models proposed for the structure of glycogen., R

repregenta the reducing end of the molecule,

|

R 4 )
Staudinreril?) faworth (18) f‘gzyez&( 19)

Flpure 2, Various models proposed for the structure
of glycopen.
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Cori and coworkers (1) finally established the tree«iiks
atructure by engzymatlc dissection of the glycogon molecule,
There is only one socalled "reducing end" in the molecules
All the remaining terminal glucose units are nonred.cing, It
can be demonstrated that the number of Lerminal groups is one
reater than the numbeyr of branch points. There are avallae
Lle three independent methods for determining the degree of
branching (that is, the number of alpha=1,6 linkages in
relation to the number of alpha=l,4 linkapges). These methods
are 1) the methylation technigue based on the work of Haworth,
2) the periodate oxidation of glycogen as deseribed by Potter
and ﬁaﬁaié(gg), and 3) the enzymatic method developed by Cori
and Larnerigs), The valuos obtalned by the three methods for
the average number of glucose residues in the ouber branches
are in general agreement({®l), In the chemical methods the
percent of end groups can be deterzined because in the
methylation technique the nonreducing terminal groups yield
ZyUydyG=totramethylplucose and with periodic oxidation each
terminal group yields a molecule of formiec acid, The mumber
of an@,@r@uﬁs is related to the number of branch points as n
is ton » 1, Only the enzymatic mebliod san determine the
mumber of glucose residues In the alpha=l,6 linkage; these
wolecules are apllt off by amylow=l,6egluccsidase specifically

ag free glucose, The other glucose molecules are split off
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as glucose-lephosphate through the actlon of phosphorylase,

As knowledge of the glycopen structure inereased, a
better understanding of the processes of synthesls and degraw
datlon of glycogen developed, The three engymatic reactions
involved in the conversion of glucose Lo glycogen includes

{1) clucose + ATP% B glucosewfephosphate + ALPE

{2) plucoso~Bephosphate ¥ glucose«l=phosphate

{3) plucoase~lwphosphate ¥ slyecogen + inorganic phosphate

Sums: plucese + ATP & glycopgen + Inorpanie phosphate,

The first reaction is called the hexokinese vreactiong
since there iz a large decrease 1n free enerpyy in this re-
actlon, the equilibrium favors the foymation of zlucosowlm
phogphate, A different enzyme iz required bto convert
rlucose~-Bwphosphate to glucose in the formation of hlood
sugar from glycogen reserves in the 1ivav(gé3. Reactions 2
and 3 are readlly reveralble since there is little change
In free enerpy. Haactian 2 1ls nown aa the phospho=
plucomutase reaction in which the phosphate group is shifted
from carbvon six to carbon one of the glucose with the
slucose«l,G=diphosphate serving as the intermediate, This
reaction was descrived by Leleir(®5), rhosphorylase adds
plucose=l=phosphate units in a random manner to the outer
branches of the glycogen molecule; this 1s lllusirated by

reaction 5. The linkape formed 1s of the alpha=1,4 variety}

o
Lo

ATP ® adenosine triphoasphate; ADP ® gdencsine diphosphate,



inorganic phosphate is liversted, and the polysaccharide
chain grows in length, Polysaccharides must Ve present in
gn in vitro reaction 4if phosphorylase and clucogsu=lephospliate
are to syntheslgze plycogen, When a new branch point is o

be establlished, amylo= (1,4 = 1,8 i-transglucosidase is
rﬁﬁvireﬁ(gﬁ). This may be represented schemabtically as
follows s
0
0
o

He o 20e8u@=@ulinlelalalnlele’ & (el@eluBulalulied

where U represenis a plucose unit,

In the course of glycogen degradation, phosphorylase
in the presence of Inorganic phosphate lyses the &1pha~1,4
linkage and llberates the hexose moleiy as glucosesly
phosphate, As a branch point Is approached, the glucose
realdues involved In the alpha«l,6 linitare are exposed and
offer an obsbtruction te the further actlion of phosphorylase,
In order %o remove this cbstacle ta'ﬁha process of
phosphorolysis, this branch point must be hydrolyszed by a
debranching enzyme, amylan(1,%)~ﬁlucmaiﬂaﬂe(27), thus
liverating free glucose.

With two enzymes as’&iss@c%ing ﬁccls, the group in the
Corla' laboratory was able to carry out stepwise degradatlion

of plycopgen by the action of muascle phosphorylase and amylos=

{l,@)uﬂluccsiﬁaS@(gl). The limit dexbtrins formed by the



action ﬂf_phospharylase woere isolated and then ilncubated wiith
plucosidase. Determlnatlon of lucosee~lwphosphate was
cayried out after the action of phosphorylase and indlcated
the average length of the outer chalin, The freo glucose
determined after giucoslduse had rescted gave information
regardlng the number of branch points. After the third
@hQSpharylase stap the liver glycbgan~waa-degrada& seventye
gsavoen per cent., After the fourth @hasphorylase-glusasiﬁasa
cycle the glyecogen was degraded elghtyeeight per cent. The
per cent of total branch points present in each tier became
progressively leas as the reduclng end was approached., Only
one type of the models proposed for glyeogag Tit the ana-
lytliecal data, that of a multiwhranchﬁd treo-like structure
as originally proposed by lleyer. 4 portion of the glyecogen
moiecule as 1t ls stepwise degraded is disgramed 1n Figure

o

v

LD-3 B3 B2 P-I

Plgure 3, Diagram ghowg the tiera removed by three
phosphorylase cycles (P=l,P=2, Pe3) and the resulting
1imit dextrin (Lle=3),.
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Von Odlerke's disease oy glycogen storage dlsease 1s
characterized by an enlargement of liver and kildneys with
extensive depositlon of rlycogen in these organs, leadlng
to the eventual downhill ccurse of children with this
syndrome 1s the unavailabllity of their reserves of zlycogen
for 1) maintalning the blood sugar level, 2) making available
sourees of eneryy for synthetlec processes in protein and fat
metabolism, and &) providing a store of reserve enerpy which
may be made avallable in times of atrasa‘ga), 3ehoenheimer
demonstbtrated that glycogen isolated from von Gierke's original
case could be degraded by mineed normal human liver =- thus
suggesting an enzyme deficlency for normal breakdown in the
diseased state(gg). Using endgroup analyses on glycogen
samples lsolafed from liver of patlents with glycogen storape
disease, Corl was able to demonstrate tlhat eight of ten cases
posgessed glycogen of normal structure, but lacked entirely
or were defleclient in glueaaa—auphoaphataaa(aﬁ}‘ The remaine
Ing two cases showed definitely abnormal structure; the
rlyeopgen molecule in one case resembled a limit dextrin while
the other case had a liver glycogen that Wéa less ULranched
and possegsed longer inner and oubter chains then normal
glyeopon, Fecant has presented an excellent review of
plycogen storage disease(®l), 1t is now recognized that

there are at least four glycogen storags diseasos,
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The sire and shape of the glycogen molecule in btissue is
dependent upon the ratic of three enzymes, namely, phosphoryle
ase, the branching enzyme, and the debranching enzyme. The
types of glycogen storage disease reflect a variation in the
activity of these enzymes plus that of glucose=Bephogphatase,
Thus, many of the laboratory findings may bte explained on the
pattern of enzyme &etivity(sg). In the classical von
Glerke's disease where the only organs involved are the liver
and kidney, the structure of glycogen is normal. It is the
lack of or the deficlency of glucose~6=phosphatase that
causes the levels of glycogen reserve to remain at high
levels and be unavailable for tlssue metabolism. Fence,
findings in the peripheral blood will include z marked
hypoglycenia, posslibly a2 ketosis and a hyyariipaﬁia. Vihen
epinephrine is employed to test the mobillirmation of glycogen,
the reaponse as measured by an increase in blood rlucose is
negative or slipght, depending on the activity of the
phosphatase,

In glycogen storage diseass of the heart, the structure
of plycogen appears o be normal. A generallzed glycogenosis
is found, but most stirking is the Infiltration of ecardiac
muscle and of skeletal muscle, especially of the tongue and
the dilaphran, Clinieally, patients may resemble mongolism

of cretinism(33), These patients do not dazonstrate a
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hypoglycenia, ketosls, or hyperlipemla, and their response to
epinephrine is nomel, One may draw the conclusion thab
clyoogen ls avallable for use by the body and that thers
exizte no abnormal patiern enzymatieally for synthesis and
dezradation of glycogen, But why does glycogen accumulate?
Another type of glycogen storage disease involving the
liver and the reblculeowendothelial aystem may have liver
polysaccharlides that resenble amylopectin, that ls to saryy
a molecule wilth lewer branch polnts end longer end chains
than glycogen. These Iindlngs are surgestive of a dellecleney
of the branching enzyme, not ol glucosewGephosphatase,
Therefore, no changes In the periphernl blood such ag hypow
slycemla are noted, The epinephrine response may be
moderate and delayed. The glucose tolerance curve shows a
rise and ﬁhcn a slow fall in the concentration of blood
sugar{54),

Forbes{95) and Martmann(5l) nave veported cases of
¢lycogen storage In liver and wuscles Isolated glycogen
examined by Carxfﬂg) wag found to be abnermal in structure
since 1t possessed numerous ghort ocuter branches and
resenbled a limlt dexbtrin, Phosphorylase activity apparente
ly was nopmal; a deflciency In the branching enzyme existed,
Therefore, the outer tier of the molecule was accessible to

phosphorylase and glucose unlts could be easlly added and
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removed, The inncr core was unavallable, Pablents exhibited
2 mild hypoglycemia and acetonemla; fthey showed a definite
but emall responge to epinephrine,

T1iincworth, larner and Cori{38) exauined the structure
of normal rabblt glycopen in various states of nuirition,
Fasted rabblés were infused with glucose or fruckose
solutions, The ouber branches of ratbit glycogen are short
whon the glycopen content 1s lowy thesa Yranches Increase in
length as new glyeogen ls deposlited, These dilfferences in
chaln length may be explained on the basis that the ratio of
phosphorylase activity to branching ensyme favors the fore
mation of atralght chains, As #h@ longth of time inercases
following the perlod of feeding, the ratio fawvors the actlon
of brure}iny neyme and a highly branched g lgcap&n molecule
develops; but the branches are shorter in length, It can be
sald that there 1 albteration in the structure of the glyco-
pgen both In physiologic and In patholoplc states; the pattern
ol the alteration ecan help to predict the findings in the
reripgheral blood and the chances that ccour during siress.

These changes in branech lenpth and in desree of branche
ing may be reaponsible for changes in physlesl properties of
flycogen such as solubility, Tarly workere in the field of
carvohydrate metabelism reéslired that ﬁissue glycogen sould

not be extracted completely by hot or cold water and by acids
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such as acetic, hydrochloric and trichloroacetic. In 1892 it
was reported by Frankel that an extraction method using brie
ck?aroagetic acld did not dissolve the tobtal amount of tissue
gycoganig?), This was f@und_ts be true also for water
extractlions by Loesehcke(®8), 1n 1906 Prifiger describved a
method Involvings alkall digestion to revove the glycogen
quantitatively from btissues. Its chief disadvantage is the
difficulty in isolating a glycogen product that is free from
the alkall and the probtein degradation products, The
nodirication of this method by Somogyl is used today in the
laboratories of Cori(36), Larner(39), $n1£n(40) and others
for the isclation of glycogen. A point of controveray still
exlsts in the literature regarding the stavility of the
glycogen molecule in alkali. Dell and ﬁbungéél} reported
that purilied preparations of glyecoren obtained by hot waber
exbraction or by the Pf&gger hot‘alkali sxtraction method 7148
not exhlblt any differences in the pg@p@r%ies meagured such
as specific retaticn, reducing power, coloration with iodine
and behavior in the polarimeter during the process of
hydrolysiﬁ.

In 1933 Chlac Tsai(42) demonstrated that with pepeated
agueocus extractlons of rabbitls liver there always remained
2 small quanbity of piycogen in the tissue residue., Cape

ruther and Ling(43) confirmed these observations, but they
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also stressed the quantitative aspect in that the hot wabere
extractable fraction of plyeogen was relatively consbtant
irrespective of the varlation in the total 1y00‘9n.

It was Tloom who directed attention toward the guantie
tation of ;lycogen fractlons in tissues, In a study of
phosphate fractions in liver and muscle, 1t was noted that =a
slgnificant conceniration of glycopgon was readlly exbractable
by cold tri&hlaraaeﬂtxc acld, &nﬂ(tnat this fraction of the
total glycogen was quite cqnstanb(a~ s This obgervation was
extended to a critlecal survey of the behavior of plycogen in
rat liver and mmscle under various physiolozic aitua 20&@543).
The trichloroacetiec acidwoxtractable plycogen comprised
clphty=-five per cent of the total glycogen of the liver and -
Diftyelive par cent of the tobtal muscle plycogen In the fed
rate During a fast, the acldeextractable fraction dlsape
peared more rapldly than total glycoren. After a twentyefour
hour Tast it was almoat completﬁlg depleted, Upon the feede
ing of glueéae to fasbed rats, the acld-sxtracitable Iractlion
was gﬁisk;y reconscliuted, IlHence, it oceccagionally is ecalled
the labile fraction of giyeogen. <“hoe difference Letween the
total glycogen of a tlssue and the trichlorcacetic acide
soluble fractlon reprecsents the nonacldeextractable glycogen
or resldusal plycogen to vhieh earlier reference has bheen

d 5. 4
nade {42, ﬁs). This fraction of glycogen was not sltered



greatly by changling physiolosle states in the vatb,

Provious work in this laboratory(46) was carried out to
determine if glycine feeding could alber the levels of liver
and musecle fractions of glycogen, It was found that the
action of dlstary glycine was to increase the acld-extracta=
btle glycogen, This elevation accounted for the observations
that liver glycogen levels were three times that seen in the
control«red animals following s twentyefour hour fast. <“he
increase in liver glyecogen followlng the administration of
adrenal cortical extract to intaet rats during a period of
fast was accounted fgr mainly by an inerease in the acidw
ertractable glycogen,

It 1s posaible that plyeine feeding plus the stress of
fast may evoke a mechanism in polyseccharide Tormation in the
rat that results in an altered glycogen molecule with differe
ent physical and ehemieal propertles compared with plycogen
in the control animals, This alteration in the pglycopen
molecule, 1f found, might explain ths maintenance of high
carbohydrate reserves in the livér ﬁuring stress and 1ts
avallablllty for blood sugar formation,

It is proposed to present studles desirned to investie
rate alterations of the glycogen molecule as revealed by
1} observations on the sedimentation rate of glyveogen in the

snalytleal ultracentrl Muge and 2) dissection with betow
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amylase to indicate the degree of branching in the outer tier
of the plycogen molecule and the size of the resuliting limit
dextrine. These measurements were chosen in hopes of adding
information to help explain the mechenism of the "glycine
effect”,

Olycogen was lsclated fram pooled livers of animals fed
dilets with and without glycine, These animals had been
subjectod to a fast of zero, sixteen or twenty-four hours,
The isolatlion technigues for tissue glycogen inecluded both
the hot alkall method and the eold triechlorocacetic acid
procedure., These methods of Isolation were chosen in an
attempt to compare the effects on glycogen structure as a
result of experimental glyecine feeding and Lo examine the
question of destruction of glycoszen by hot alkali,

lastly, 1t is known that glycogen can bhe separated into
several {fractlons by electrodimlysis. Uslng bridge electrow
phoresis, differences in the behavior of various isolated
plycogens were studied, The poasible separation of the
glycogen saunples Into two ¢omponents that would c&vr@spand

to the lablle and the residual fractions was evaluated,
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Anlmals: Male Sprague~iawley of 200 to 300 grams weore
uged Tor the preparations of liver glycopen samples. The

welphbs withlan the experimental groups were matehed.

fations! Rats were maintained on Purina lLavoratory
chiow for several days prior to the feeding of the synthetic
rations. This was to insure that these animals were in a
good state of nutrition prior to the beginning of the
experinment, The compositions of the control and glyeine

rations are shown below:

Control Clyeine

Ration Fatlon

Porcent Percent
Caseln 16 16
Yeast (Squibb) 10 10
Salt mixture(47) 5 &
Cod liver oll 2 2
Wesson oll 5 &
textrose 8 8
Lextrin 54 44
“lycline 0 10

It will be noted th:at the composition of the control and

4,5 per cant protein was supplied by 10 per cent Squibbls
rewer!s Yeast,



glyeine diets ave identical except that glycine was substie
tuted Ior an equal weight of dexirin in the control diet,
The tobtal amount of protein in the diet_waa twenty e r cont,
supplied by the casein and by the yeast. Those rations
supplied the rat with sufficient protein of good oual iby.
Vitamins were supplied by the yeast and the cod liver oil.
The dally food intake of the controle and glycine~fed
animals was between [lfteen and twenty grams por twentye

four hours,

Feeding routine: The rats were placed in individual

capes which were equipred with screen {loors to prevent
coprophagys The synthetle rations were offered in large
food cups egulpped with a wide base in opder to minlmize
splilage and contamination of food, The anilmals recelved
twelve to fifteen grams of the contrel ration for each of
two days 1n order to accustom them to a powdered synthetie
dlet, This procedure also allowed better control of the
food intake during the next two days,

In the late alternoon when beginning the two day
experimental feeding perlod, the animal was offered twenty
grams of the glycine ration or econtinued on this amount of
the control ration. On the following aftﬁ;’nocn the mnlmal
was offered fifteen grams of the ration beling gongumed,

Ilve hours bLefore the end of the foriyeeight hour Teeding
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pericd the food can was removed; thrgﬁ,hﬂurs later, five

m8 of ration was offered to the rat. This procedure was
employed 1o repulate the length of fasting, The final two
hour feeding period occurred at o time of day when the rat
resumed actlvity and feeding, After completion af the finasl
feeding, the rats wers fasted for periods of zero, sixteen or
twentyelour hours. Then they were removed from the cagze,

welghed, and sacrificed for the isoclatbion of liver glyecogen,

Igolation of glycogen: The animals were anee thesir-ed

with Newbutal (6 mg. per 100 grams body weight), When
surpical aneathesla was obtalned, an abdominal inclsion was
made in the mldiine, the liver was gf&s?ad and rapidly freed
from the surrounding tissqe, It was then blotted to remove
as much blood as possible, The liver was placed on a square
£ Paraifllm and quickly mineed with a palr of sharp sclssors
and placed In sodium hydroxide or in cold triehloroacebic
acld solution, Pooled liver samples were used in order to
oblain a generous suprly of purified glycogen, Handom liver
samples were used to check the liver glycogen levels by the
metiod of Tood, Kramer and 39m65y5@53. The tissue sample was
digestsd in 30 per cont potassium hydroxide in a bolling
water bath; then 85 per cent alcohol was added to vield a
final conéentration of 55 mr cent to precipltate the glycopen,

Py

Ihis precipitate was washed with sethanol. The clycogen was



hydrolyged Tor two and o hall hours by N sulfuric acid on a
woiling water bath, The Shalferwiartmann method was cmployed
to determine resulting ;zuﬁwéa. flyecogen concentrations were
expressed as grams of glucose per one hundréd grans of liver
wet weisht,

The hot aliall method employed for glycopen Isolstion
was essentially that described by Somogyl for the preparation
of & phosphorus~ and nitrogen=Ireec glycogen{493. The pooled
liver sample was introduced into a 250 ml, Ilrlenmeyer flask
containing 40 per cent sodium hydroxlde and fltted with a
rubber stopper through which a length of caplllary tubling
extended and served as an alr reflux, Thls flask was then

rmanersed in a bolling water bath Tor three hours: during the
first hour of heating the flask was aglbtabed, Iollowlng the
direstion period, the flask was removed from the bath and
allowed to cool at room temperature without dizturbance, On
cooling, & solid layer of soap formed on the surface from
which the gelatinous fluid velow was decanted off, “he
removal of soaps facilitated the puriflecation procedures, A
small amount of pglycogen was discarded with this socap. The
gelatinous fluild was measured and to 1t wags added suifiecient
86 per nemt_e%hanol to yield a final aleohol concentration of
33 per cent. The precipltate was allowed to settle vvernipht
at room temperature and was then separated by ecentrifupation

for fiftesn minutes at 1500 r.pene
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This preclipitate was washed in the eentrifuge tube with
a solution consisting of one volume of 98 per cent alechol to
two volumes of 20 per cent sodium hydroxlide until the washing
fluld was nearly colorless, The moist lmpure glycogen was
ﬁissolveé.in water, and bthe insoluble particles removed by
f1ltration, The filtrate was placed In a 40 ml, centrifuge
tube and kept In an lece water bath while 2 N hydrochlorie
acid was added dropwise until 1t gave an acid reaction with
Congo paper (pf 4 to 5), This last step was carried ocut only
when it became diffieﬁlt to free the glycogen from the last
traces of contamination, The precipitate that formed was
removed by fiitr&%icm. Imm&diatély an equal volume of
ethanol was added, the precipltate was allowed to form and
wag collected by centrifugation, Ihis plycoren was pro=-
gresaively dehydrated with succesalve washings, two times
each with 85, 70, and 95 per ecent ethanol, once with absolute
aleohol, md finally with anhydrous dlethyl ether. After the
last wasiuing, the contrifuge tube was placed at a slant,
mouth down, in order to enhanece the cvaporation of ether,
The plycopgen was oblalned as g fine powder.

The second means of iselation of slycogen invelved the
grinding of iiver with cold 10 per cent trichloroacetic aecid
solution and the subseguent extraction of the resgidue with B

percent trichloroacetic acld solubtlon as described by Stetten
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and stetten{S0), The srinding was carried out In the cold
room (= £9 ) with a ehilled mortar and pestle and sand. The
residue and sand were removed Uy Iiltration., The glycopgen

was precipitated immediately with an egual volume of 95 per

cent ethanol and collected by centrifugation: It was necogw

sary Lo allow acidealcohoel solutions ol glycogen obltained
from the livers of control rats fasted twenty-~Ilour hours to
remain overnight in the cold room in order to allow the
precipitate to form, The glycogen obitained by centrifugation
was dissolved in distilled water and reﬁrecipitatﬁd several
timea with an equal volume of ethanol, The glycogen then was
subjegts@ to the dehydration and washing procedure described
atove, Occaslionally, the addition of 1lithium bromide was
required to inerease the electrolyte concentration and lnduce
floeculation,

The Kjsldahl method was used to determine nikrogen, One
‘handred milligramd of pglyecogen was dissolved in 12 mle of
distilled water. In order to determine the concenitration of
clyveogen, i.0 wl, was hgdralyzeé.in ¥ sulfuric acid in a
boiling water bath. To 16,0 ml, of the glycogen solution one
mle of selenium digestion wixﬁu?a wag added, When the
dicestbion was about complete, a few drops of 30 per cent
hydrogen pesroxide was added, and the heating contlinuved lor an

additional ten minutes, <The determination of nitrogen was
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carried out Ly distillation of the ammonia into 1/70 ¥
sulfurlec acid and back titration with 1/70 ¥ sodlum
hydroxlde, using Tashiro's indicator, Tach ml, of the 1/70
¥ sulfurlie acid is equivalent to szlmﬂf of nitrogen, e to
limlted quantities of glycosen 1aaiatad, it was not pogaivle |
to cheek the niirogen conbtent of all the samples lsclated.
The glyeogen present was determined asg glucose by the

Shafferelartnann method,

Methods for exanination of the slycogen moleculet

1, ‘letawamylase degradation,

A time degradation curve of the action of bebta-amylase
on plycogen was obtained‘as follows: one hundréed milllipgrams
of glycogen was dissolved in 28 ml, of distilled water
containing one drop of 40 per cent sodium hydroxide., In
order Lo determine ?he coneentration of the glycogen
golution, 2 ml, was hydrolyzed by ¥ sulfurle acid, and the
glucose determined by the Shaffer~ﬁartmann‘prgcaﬁﬁre. ine
hundred millipgrams of betauamylase was dlssolved in an
acetate buffer of p 4,8, The acetate buifer was prepared
by dissolving 30.7 grams of sodivm acetate trihydrate in
dlstilled water; 10.2 ml, of glacial acetle acld was added
and the pY was adjusted to 4.8 with the aid of a p'l meter.

The final volume of the buffer was 250 ml. (51}, 1n order



t0 obtain optimal and rapid degradatlion withoubt ecomplications
due to the formation of associabed enzyme-rosistant particles,
25,0 ml, of the dilute alkaline solution of sglycocen was
added slowly with stirring to the eoncentrated solution of
betawamylase In a 1850 ml. Frlemmeyer flask. Incubatlon of
this reactlion mixture at 37° C, was conitinued for ten hours,

Aliquots of 1 ml, were taken at intervals for analysis
of the anmount of maltose freed by the action of enzyme, 1 ul.
of distilled water was added %o the aliquot followed by the
addition of 2.0 ml, nitrosalleylic acid reagent., The color
réag&ﬂt was prepared by dlssolving 1 gram of 3,5=dinltro=-
salicylic acld (Hastman Orpanic Chemicals) in s small
quantity of warm distilled water, adding 20 ml. of 2 ¥ sodium
hydroxlde solution and 30 gramg of Rochelle salis, and
diluting to a volume of 100 =ml. This solution was prepared
on the day of use to eliminate alterationa in sensitivity
caused by the absorption of carbon dioxide(52),

The color reagont and wmal tose=containing solutlon were
heated for five minutes In a bolling water bath. After
cooling, the aﬁluticg containing the brown reduction produect
was diluted to @ ml, with distilled water, The color
intenslty was measured at 540 Ain a Coleman Junior Spectrom
photometer. Caleulations were made from a gtandard curve

developed with pure maltose, The eontrol blamlks of rlycogen



alone or enzymo alone showed no color reactlon with the nltro-
salleylic acld reagent.

The degradation of pglycogen by detawamylage was almost
complete at ithe end of thres hours; the resulis agres with
those of 3tetten and Stetten(58), 1the experiment indicates
that the rate of beta~amylase gradually slows as it approdches
the alphae=l,6 linksge., 4 greph of the btime curve is shown

below:

60 ]
Per

ceat
maltoae

frosad

Time {hours)
Picure 4, A time course study of the degradaltion of
wlycogen by betes-umylase to free malbtose,
On the basils of the above findings, 1t was declided (o

stop arbitrarily the aection of beta-anylase on Lhe varlous
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clyeogen samples after flve hours ineubation, The reaction
nixture was transferred to a volumetric flask and dilubed to
100 mi. with distillod water., 2 ml, of this solubion was
added to 2 ml, of nitrosalicyliec acid reagent in oprder to
deternine the concentration of maltose as previously
deacribed,

Limit ﬁextrin‘was prepared as followst the enmyme and
glycopen were allowed to react for 24 hours at 370 ¢, Then
the solutlon was made alkaline with sodium hydroxide,
neutraliged, and more enzyme added, The incubation was
repeated, The limit dextrin was precipltated by the
aﬁdition of two volumes of msthanol and washed with 65 pep
cent methanol,

This 1limit dexbtrin was subjected to the action of
betawanmylase as described for glycogen except that the
Incubation time was exteénded to twentyefour hours, 7The
absence of reduclng sugar indicated the absence of alphae
amylase in the betawanylase preparation usadfsé).
Contaminatlion of the enzyme with alphaeamylase would yield
results impossible to interpret due to the combined action

of’ the two enzymes,

2. Ultrecentrifuge studies,
The sedimenbatlion behavior of slyecopgen was studied in
yeog

the Spineco model "i¥ ultracentrifuge, This instrumoent



furnishes an accurately controlled centrifiug:l field to which
the solutlion under cbservation is subjected, TFurthermore,
this solution ls located in an optical cell of a rotor which
can be operated free from vibraﬁiwn and from fluecbtuationa in
temperature beesuse the drive unit, the rotor chamber, the
optienl syster, and the camera form a sbtructural unit that is
shoek mounted,

All the muns were conducted at a speod of 20,400 r.D.m,.
at room temperature., Observations weye made on & one per
cent glycogen ~ ome molar sodium chloride solubtion in a Type
An=A rotor. The refractlive index gystem of the Phillpotm
Svensson type is utilized in the Spinco ultracentrifuge.

A typlecal experiment included the agssembly of the
optical cell and the f£filling of the cell with the freshly
prepared solution to be examined, The robor was prepafeﬁ oy
the alirnment of the éptieal cell and its counterbalance,

It was then allached to the drive and the rotor chamber
evacuated to a pressure of less than one Pe The rotor was
ascolerated to the desired operating speed, When equiw
livrium was obtained, the movemeni of the sedimenting
boundayy was racor&gd by the camera aubtomatically abt inters
vals of 480 seconds., At the same itlme cobservat ions weore

made on the temperature of the reforvence thermometer and

of the rotor chamber, the operating spoed; and the
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inclined angle of the schilieren diaphragme. At the completion

of the run, the behavicor of the sedimenting boundary had been
recorded sequentially on the photographlc plate amulsion
wileh was then developed, lleasuroment wes wmade of the
distance the peak of the sedimenting boundary had moved from
the center of rotation in a gilven time interval dlvided by
the average centrifugal field over this interval(58), fTnis

is represented mathematieally ass

wherse (xy, = x,) ® the dlstance travelled by the
sedimenting boundary durling the
Interval,

we & the average angular velocity of
the rotor aystem in radians per
second or {(r.p.m. x 9IT)
60

Y
¥

a ¥ Xy e %y ) ® average position of

5 the sedimenting
boundary during the
interval

In order tc compare the sedimenting behavior of solute
molecules, the sedimentation eonatants were corrected to a
constant state, l.oe., to the conditiona which waulﬁvbe
obtained in a hypothetieal medlum of waber at 20° ¢, This

correction formula may be expressed asi
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where Neg \ ® the principle correction factor
‘ﬁ;; rresponding to the viscosity
of water at t° relative to thac
at 200 Ca
:

Q = the relative viscosity of 1 i
NaCl soluiion to Ewat of water,

f%ou)* density of water at 20° ¢,
)

® density of 1 I NaCl solution
r% at to°

V 2 the partial specilic volume of
slyeopen, The value used for
tbase calculations was G ?Q as
determined by irlafman o

The constants {3QQ'W; are expressed in Svedverg units where

5= 1 x 10°19,

wa Electrophoreslis studlies:

The power for electrophoresis was suppli by a high
voltage regulator lodel 1910 manufactured by Hesearch
Specialities Company, It was eapable of delivering up to
100 miiliamperes direct current Letween 50 aund 800 volte,
Platinum electrodes were employed, The bridge was prepared

&

as described by frlggs, larner, dontpomery and Saith(b52), 71¢



was composed of two glass plates (10 cme X 29 cme x U6 Cma)
sandwlching two plastlc sheets of like dimension., The plass
fluer filter pﬁperigﬁ) was supported between the plastic
plates, FHectangular plastic dishes eontained the slectrow
lyte reservoir and the elsctrodes,.

‘The procedure employed was as follows: 0.1 milligram
of glycogen in 1A was spobtbted on the point of origin, which
was located twoetiilrds of the distance from the comparitment
that contained the anode, It was dried with the aid of
warm air, The paper was then wetted Ly dipping one end in
2 F sodium hydroxide solubion to within one~half inch of the
point of oripin, It was then blotted to remove the excess
of sodium hydroxide solution. A similar mancuver was
carried out for wetting the other end of the paper, The
flass Iiber paper was inserted between the two plastic sheets
and the assembly of the bridge completed, Pressure was
applied by clumps, The ends of the paper were allowed o
dip inte the sodium hydroxide reservoir. Tern minutes was
allowed for eguili%rium after the two 1liguld fronts met at
the polnt of origine A potentiul of 100 volts was then
applied for a period of twelve hours at an operating current
of 70 milliamps, A% the completion of the electrophoresis
process, the paper was removed and dried in air, ‘lycogen

was located Ly spraying the rlass fiber with a solution
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composed of 0.5 per cent potassium permanpanate In ¥ sodium
h§ﬁroxi?a{§0$. ,&ﬁ the completion of the reasction between
glycogen and permanganate lon in an alkeline solution, 1t
was possliile to wash sway the excess stalning solution.

There remalned & Lrown stained area which indicated the

lycogen had traveled from the point of origin

L,

dlstance the
under the influence of an electrieal fleld, This digtance
3 .

was weasured In cent lmeters.



FoSULTS ALY DISCUSSION

The Kjohdahl method revealed that the glycogen snucies
isolated by hot alkuall or trichlorcacetiec acld methods
contained less than 0.05 per cent nitrogen, Thls indicated
a high degree of purity of the glycogens used in the foliowirg
gtudies.

glycopen desradation by beta-amylause: Table 1 presents

a tabulation of the porcent degradalion of glycogen by betae
amylase, The clycogen was isolated by hot alkall or by cold
triclloroacetic acid from pooled liver tisgue of rats fed the
control or the [lyecine ration, The rats had been subdbjected
to a fast of O, 16, or 24 hours.

The actlon of betaw-amylase iz tosplit only the second
alphawel yd=pincoglidic linkage from a nonreducing ebhaln end of
the glyecogen molecule, thus liberating 2 maltose residuo,
tetawamylolyels @anﬁuglly stops when an alphed,B-glucosidlie
linkage 1s encountered, Sumner and rrench have offered
evidence that beta-amylase attaclks the outer chaln lengths
of slycogen untll 1ts action is stopped within 1.5 glucose
units of the branch point{6l),

The degradation by bheota-amylase of hepatie glycogen
prepared {rom unfasted rats fed the plyeine or the control
diet ranged from 54 to 58 percent, The average enzymatle
degradation of plycogen obtalined from rats fasted 16 hours

ranged from 58 to 56 percent, Vith glycogen samples
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obbained from rats subjected to a 24 hour fasi, the avorage
depgradation by betawamylase was 50 to 56 percent. Ilo
simmllicant difference in degradation was found ln glycopons
isclated by the two procedures, From these rosults, the
followln: conclusions can De drawn: 1) glycine feedling dld
not cause a difference in the degree of branching of glycogen
2) fasting did not affect the chain lengths of glycogen; and
3} the melti.ods used for the extraction of tissue glycogen did
not affect appreclably the degrea of branching as determined
by betae-amylase.

From recent studles in the synthesis and breaitdown of
glyeogen, the lack of ﬁiffaraﬂc& of plycogen lsolated from
animals in different fasting atates is not unexpected., It
has Loen postulated that the branching enzyme transfers part
of a plycoron chain after it has been lengthened by th
action of phosphorylase and has reached & critical length
thus forming a new branch point. Long chains are permitted
to exlst briefly. Debranching n oyme may be envisianed to
become more actlve when phosphorylase ls removing outer

halns of Iycoger as such duriny pericds of fasting.
Anylo=l,0mzluccsidage revioves the branch point and allows
Branches toc become avallable for the action of phosphorylase.
Therelorc, the decree of branching and the chaln length of a

plycoren melecnle is the product of the relative rates of



activity exhibited by phosphorylase, branching enryme, und
debranching enszyme, and these are influenced by the
nutritional and hormonal status of the animal, It would
geem that sige of branches avellable to the action of betaw
amylase would be simllar in glycogen of fed and of fasted
rats, Illingworth, Tarner and Corl were able to demonstrate
that the degree of branching of liver glycogen obtauined from
a8 ratbit that had been infused with a zlucose or fructose
solution was grester than that determined for glycogen
obtalned from a fasted rabblt, The infusion of hexose
probably eaused the action of phosohorylase to predominate
while the branching enzyme was not sufflciently active %o
shorten the lengthened branches at the time the liver was
removed for the lsolation ol glycogern,

In 1952 Tell and lManners(62) reported that hydrolysis
by beta-smylase normally resulted in 45 4 5 percent
converslon to meltose when the plyecopen had a chailn lenrth
of appreximately twelve glucose residues, In this study
glycogen.was obtained from beefl and rabblt liver, mussels,
and eorn, A sample of rabbit liver glycopen was degraded
53 per cont by betaeamylase; its chaln length was 18 glucose
&ﬁit&. The glycogen had been isolated by the ?ilgger method
or by hot aquecus extractlion and purlfied by precipitation

with placlal aecebtie acid, Stotten and Sﬁatten(ﬁgi havye
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questloned the use ¢ acld in the isolation of pglycogen and
have shown that brief contaet of cold trichloroscetic acid in
their preparations resulted in some degradation of giycogen,
The use of acetle aeid in the purification procedures may
sauvse degradstion of ﬁlycaggn and resul in decressed
degradation by beta-umylase,

In 1954 3tetten and Stetten{53) peported that with
dirferent samples of glyecosen 45 to 51 per cent was degraded
by beta~amylase, This was in agreement with the conversion
l1imit of 47 per cent Tound for glycogen Ly Mever and Eulﬂ(65)¢
In 1957 vanners(64), in a review on pglycogen structure
presented data indleatinpg that the beta-amylase degcradation
limits range from 40 to 54 per cent,

It is 2iffieult to explain the difference in the range
of values for the degree of branching of plycopens in this
study (Table 1) compared with wvalues in the literaturs, The
care taken to avold prolonged contact of glyeogen with acid
may have resulted in a preparation that was less degraded
and thus inereased the anount of slucese units availasble to
vetasauylage, Larner{(21) reported that 1f the =~lucose
residues of the outer branches of the two glycogen samples
studles were renoved completely to form the 1limit dextbtrin,
the plycogen would be degraded 61 per cent,

Ultracentrifure studies: Table 2 slows the gedie




mentatlon constants of glycogen caleulated from Lhe obsers
vations on the behavior of samples in the ultrscentrifure.
The data show that the various specimens of glycogen sediment
with a pealk position wihich gave S20,w values in the range of
60 to 120 3¢ 7These 8 values would carr@apon@ to glycopzoens
with molecular welshts of 1 x 106 to 6 x 106. These data
agree with the range of peak positions reported by i@idgw
man(87), 2011(65), and Polglase, Frown and Smitn(66),
Aridgman{57) stucied the behavior of liver xlycogen in
the ultracentrifuge and showed that 1ittle diffusion oecurred,
Iell also measured the diffusion constants of glycogen and
showed them to be low., Therefore, the apreading of the
sedimenting boundaries 1ls due mainly to the polydispersity of
the glycogen sample, The peal position would represent the
most probable sedimentation value for a family of molecules
of different sigzes prouped about a mode(66), wne photographic
records of the sedimenting boundary of the various slycogens
studlied in the ulbracentrifuge are shown in Plates 1, 2, and

Se

These results demonstrate that in the nonfasting rat,
glycine feeding dld not affeet the size of the plycopen
molecule ss revealed by the sedimentation constants (76 3,
77 35 85 8, and 79 3), ™is was also found to be irue forp

the glycogens obtained from the 16 hour fasted animals except
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that the cold trichloroacetic acideextracted glycogen ohe
talned Ifrom the glycine=fed rats had a sedimentation consbant
of 120 8 which represents of a larger molecuie than the other
sanples (81 3 and 84 $). The twenbyefour hour fasted animals
ylelded glyéaﬁwnﬁ with aadimantaﬁiam conastants of &7 5, @9 8§,
104 8 and 115 S The daba Iindicate that the average molecuw
lar welghts ol slycogen inereased as the fasting progressed
even though the level of liver plycogen was decreasing. This
ahift In the peak position of glycogen may represcent the more
rapld actlon of liver phosphorylase with the small slyeogen
molecules that might oceccur during a fast. This is discussed
in more detall later,

ulactrcpharﬁaig of plycogent 'The electrophoresls of

glycogen on pglags flber paper is a recenitly developed
technique{5}), 1n 19086 Zourne, ioster and orant{(68) ysing a
borate buffer were able to separate various sarbvohydrates.
Zy subatituting 2 N solium hydroxide for the borate buffer,
Lewls and Salth{69) demonatrated that glycogens, assumed to
be homogeneous, could be separated into Hwo or more fractions
vy bBhls technique, Tﬁa nwovement of glyeogen on the lass
paper appesars bto depend upon the lonization of aleholice
groups under the Influence of the alkallne electrolyte,
Glycogens of different physical structure might be

expected Lo migrate at dlfferent rates under the influcnce
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Plate 1

The photographic records of the sedimenting
boundary of hepatic glycogen obtained from
unfasted rats fed the glyelne or the control
diet, The first exposure in each serios was
obtained after equilibrium had been obbained.
fach exposure is separated by 480 seconds,
The direction of migration of the peak
position of glycogen from the center ol

rotation Is toward the right,

Fhotepgraph lethod of
Plate Extraction
) § Hot alksll
2 Hot alkall

Cold trichloroacetlic acid

£3

Cold $trichlorvaestic acid

=3

Diet

Glyclne
Control
Clycine

Control






Flate &

ihe photosrarhic records of the sedimenting
boundary of hepatic glycogen obbalned from
lé=hour fastéd rats fed tle zlycine or the
control diet, The first exposure in each
series was obtalned after equilibrium had
been obtalned, Iach exposure is separated
by 480 soconds, ‘The direction of migration
of the peak position of riycogen from the
cenber of rotation is toward the right,

Yhotorrach Method of
flate ixtraction et
5 Yot alkal Clyecine
& ot slisll : Control
Kl Celd trichloroacetic acid Glyelne

B Celd trichloroacetic acid Control
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Plate 3

The photographie records of the sedimenting

boundary of hepatlic

glycogen cobbtained from

24w~hour fasted rata fed the glycine or the

contreol diet,

“he Tlrst exposure in sach

serlies was obtained after stuilibrium had
been obtalned, Hach exposure is ssparated

by 480 seconds,.

The direction of migration

of the peak position of glycogen from the

center of rotation ls toward the right,

Protograph

'i’.?.zad;f;_w

Hethod of
Ixtraction

Hot aikeli
Fobt slkell
Cold trichloroacetic acid

s01d trichlorcacetic acid

Diet

flycine
Control
Olyecine

Control






of an electriecal field. However, the plycogen samples
obtained from glycine-fed and from controleled rats by elther
metiod of isclation migrated at essentially the same rates.
&lso, none of the samples exanined separated into more than
one componeint uncer the experimental conditions employed,

Juech data indicate that glycine feeding does not alber the
physical structure of liver glycogen, and that the two methods
of lasolation do nol separate glycogens of grosaly different
structure,

It should be noted that the data represent asingle
Geterminations, They are included simply to indicate the
likelihood that this t&chnique, ag employed, may not be
sufflelently sensitive to bring out slight differences in
molecular weights and degree of branching if these exist in
the samples studied,

detlods of isolation of plycogen from tigsue: There

has been controversy regarding the methods used to lsolate
glyeogen from tissues since the days of Pflggar. This
controveray had been renewed in Intensity sinee Tloom and
cowworiers {45) reported that trlehloroscetic seld exbracted
a congtant avount of glycogon from tisaue and that this
Guantity extracted reflected the physlologle status of the
anlmal, Stetten and 3tetten{70) 1501atea plycogen frowm the

liver of one rat that had received Cl4esorbitol. The
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glycogen of half of the liver was isolated by hot alkalis
trichloroacetic acld was used to extract the glycopen from the
remaining liver tlssue, The two resuliing glycogens were
subjected to repeated purification steps until the yield and
the specific activity of each was the same, The Stetiens
concluded Yhat contamination of the total glycagen ag
determined vy the method of Hloom was evident, and that the
residual giycogen wag an artifact.

kaban{71l) reported a method of isolation of total
giycogon using trichloroacetic acid and barium hydroxide=
zince sulfate as proteln precipibating apgents, (arrcl,
langley and foe(72) also reported that ﬁ?ichioroacetig acld
completely extracted the rlycogem in liver and muscle,
Tissue earbohydrate was isolated by the Qotassium hydroxide
method and was dialyzed; the dimlysate contained a material
that reacted with anthbrone, Uialysis of the tissue |
carbohydrate obtained by trichlorcacetic scid ﬁi& not yield
an anthrone seuaitiye substance in the dallysate, Thereo=
ioroy they coneluded that the hot allkali extraction
consisted ol glyco en and a nonglyeogen carbohydrate.

Carrol ot all{72) g1so demonstirated that the amount of
plycogen present in tissue aflter prolonged boiling in
potassium hydroxide solution decreased and that there

remalned a high propertion of nonglycogen carbobydrate,



Stetten and Stetten{7®) also studied the degradation of

glycogen by hot alkali in stmospheres of oxygen snd of nitro-
gen and by triehlorocascetic acid at 23° C, and 0° ¢, It was
denonatrated that potassiuvwm hydroxlide caused a decreasc in
the molecular welght and that this d&creasa QECUPT L MOre
rapldly and more pronounced when the lycogen was heated in
cxygpens Trlchloroacetic acid also causes thoe molecular
welght of ;slyecogen to decrease; this deoreasse was less at
0% ¢, than at 230 ¢, Therelore, the Stettens chose to use
gold trichlorcacetic acld to extract glycogen, They stated
that glycogens thus isoclated reprecsented native glycogen more
closely than the other methods used for exbtraction.

Oreenwood and coworkers(74) stated that 0 per cent
potassium hydroxlde at 100° C, degraded glycogen no more
thar bolilng water and supgartgd this witlh the debtermination
of the sedimentation constants. They dld demonstrate that
neavling plyecogen in dilube alkall 50&@5&@& reduced the
sedimentatlion constant Irom 86 to 57 5, as stabted earlier,
fridgnan{S?) and Bell and Young(“l) could demonstrate no
change in the physical characteristics of glycogen when
Isoluted by hot alkall or by trichlorcacetic acld,
"

The "glyecogen fractions" controversy: The gquantie

tative aspect of glycogen Iractions 1In tissues has been

investigated by numerous investigators, Following the



initial report{45), sloom and inowlton oxtended thelr
original studies to Investipgate the change in muscle gliycogen
‘ractlons during stlmulation and deuonstrated that the dee
crease in bobul glycogzen waa accounted for entirely by the
decrease in the triclhloroacetic acidesoluble f?aaticn(753.
Van Hel Jningen and Kemp(VG) aleo studled the behavior of Iree
and fixed glyeogen in rat gastroenemius muscle after stinue
lation of the selatie nerve or after work, These workers
noted that both fractions of glycogen decressed, bub the
decrease in the acldesoluble fraction was more pronounced,
These workers believed tlat acideinsolulble glycopen was not
an artliflact due %o the coating of @r@cigit&ted protein around
glyeogen in tissue that did nmot permlt 1t to be extracted,
~hey showed that extraction of glycogen from tl.sue by a
chelating agent that 4ld not preeipitate protein ylelded the
sawme values for the plycoren Iractlons as Jdi1d triehlorocacetic
aclid,

Time studies of the acide-soluble and acid-insoluble
fractlons of glycogen in the chieck embryo were made by
Szepsenwal and ?artriﬂge(77). They demonstrated that with
incressing ape of the embryo, there was m characteristle
pattern in the quantlity of and in the fraetlons of glyecogen
present In the six tlssues studled, The acldesoluble glycoe

cen was only a small Traction of the total glveoren, The
U oF -
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increase in the acidewinsoluble fraction of [ lycogen of
striated muscle occurred during the last wesk of incubat.ou,
and this increase corresponded with the decrease and disap=~
Pearance of The spontaneous ascitlvity exhibited by alteletal
muscle, This raised the questlion whelther or ot the increase
in the acid~insoluble Iractlon was one of the factors roe
spongible for the change in the behavior of sielebal muscle,
le0y, 1its transformaiion from spontaneously active muscle
into adult muscle which responds only to sbimuli,

: 3 ft . 2 5 .
Szent=iyorgl 78) Genonstrated trat giycosen and myosin

L od

2

form an inscluble complex in vitro, This complex was
dissolved upen the additlion ol adenosine triphosphate. Also,
triehlorcacetic acid extractlion of the glycogen dlgsocclated
this complex in viiro. dzentnﬂygrgi bellieved that this myogine
clyeogen complex and 1ts dissociation under physiologic
concléiona might play a role in the regulation of carbohydrate
metabolisw in muacle,

L@anard{?g) examined the effect of Lormones on the trie
chloroacetiec seldwextractable glycogen in skelebal muscle in
an attompt to find en explanation for ris previcus obsepw
vations that cortlsone wund growth lLorymone inhibited the
plycogenoliyble action of epinepbrine on certaln skeletal
migcles in the rat. ifo demonstrated thab opinephrine

deereased the total and scidegoluble froction of ratb



diaphragn and leg muscle, e was unable to demonstrate that

growth hormone and cortlscone prevented the glycolyble effoct

ol eplnephrine by converbing the acidesoluble glycogen to the
acidwinsoluble form,

In 1956 Ieijningen(80) pesorted $hat the inerease in
Glyeogen content of dlaphrags as a response to insulin OCCU e
red in bthe acid-extractable fraction. The fixed zlvcogen
romained constant,

It was alaso demonstrated by Pincus and cowsrikors(81)
with ths ald of labeled glucose, that Inmsulin promoted an
inerease in the acldesoluble fractlon of rat muscle and of
liver, This frachion of muscle glycoren had s, uni formly
hlgher speclflc activity than the nonascldeextractable fraetion.
These changes were not as marked in the liver, probably
because In the llver the acld-sxtractable slycogsen of this
tissue composes 85 per cent of the totdl glveozen {(iIn the fed
rat)s It would bhe of interest io atudy the appearance of the
labeled glucose in the acidesoluble fraction of glycogen with
regnpeet to Lime,

Theo effect of prolonged teatosterone adminiatratlon on
acid-soluvle and acideinsolunile glyecopen in the rat levator
anl muscle was studled by Meyer and ﬁawashbﬁrgarQQQQ, They
demonstrated that inltlally a strilking increase in the

m

glycogen econcentration oceurred, This increase was due
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entirely to the trichloromcetic acidesoluble molety while the
aclideinsoluble glycogen rensined unchanged,

Merrick and leyer{(83) in 1954 repeatsad studlies on the
effect of anoxia in decreasing cardiac plyecogen. The finding
of interest was that acidesoluble glycogen decreased PrO-
portionally more than the total glycogen; this observation
suggested to the authors the possibility that the absolute
ampunt of realdual glycogen may actually increase during the

period of anoxia. The free glycogen might be converted to

oy

he fixed glycogen by whi¢h means 1t would be made available
for the needs of the ceil, In 1855, leyer and coworkeps(B84)
extended these observations by studying the changes in the
glycogen fractions in heart homogenates, They demonstrated
that 1n these preparations there was a deerease in hoth
fractions when conditions favoring glycclysis existed, Vhen
the in vifro system favored glycogen aynthesis, an increasge
in the acidesoluble fraction was noted in as soon as twenty
minmutes, Only after £ifty minutes wes a small inecrease in
the acld=insoluble fraction found,

in studylng the hormonal control of ilyeogen 1n the
heart, Fussell and Floom{89) demonstrated that the cardliac
glycogen of normal and adrenslectomized rats increased vy
S0 per cent during & 24 hour fast., I the animal was

hypophysectomized, the cardiac clycoren concentration
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decreased during this perloed of fasting. liowever, the
administration of growth horwone permiited.the normal Ilneresse
in cardiac glyeogon during fast. In the heart all the
variations Ilnduced by the above exporimental conditions cuoups
red exclusively in the acldeextractable portion of the total
giyeogen, Continuins the exper ments on the effect of prowth
hormone on cardise glycogen im the rat, Adrounty end Fussell (86
Jemonstrated that in both intact and hypophysectomized rats,
growth hormone given during a fasting period increased the
level of total and acid-gsoluble glycogen in the gastroenenmiug
and ecardiac rmiscles, Following a 48 hour fast, the feeding of
carbohydrate or protein, mut not fat, to the intact rat
resulted in an abrupt fall In cardise glycogen, reflected by

& decrease Iin the acidwextrasctable fraetion,

Hoble and Papageorge(87) studled the plycogen fractions
of adrenal glands 1n the rats The adrenal glamd, like other
tissues studled, contalred a fraction of glyeogen that was
readily sxtracted with eold trichlorocacetle aeid, This
fraction accounted for about one«hslf of the total glycopgen,
Fed rats had adrenal rlycogen levels of 100 mgs, per cent
while fasted rats showed an increase %o 200 mge, por cent,
Seventy per ocent of the adrenal glycogen was loast by fasted

rats following feeding or the injection of eplnephrine or
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insuvlin, This disappearance of glyccgen occurred In the
fraction extracted by acid,

Fussell and Hloom(88s89) oxtended their studies on the
behavior of the extractable and residual glycogen 1n pastro=
nemius wmuscle, heart, diaphragm, and liver of rats under a
variety of conditions, They reported that the proportion of
extractatle glycogen varied in a constant manner with the
amount ol glycogen present, Other proteln precipitating
agents ylelded the same amount of glycogen as btrichloroacetic
acid, If the tissues were extracted with water alone or with
dllute sulfuric acid, more glycogen than usual wass recovered.
but il a protein precipltating agent was now added to this
extract, the precipltation of proteins removed a constant
quantlty of the  lycogen along with the protein,

Posglble significance of glycogen fractions: The

sipnificance of thils dichotomy of tissue glycogens has not
yet Leen revealed., The studies by Bloom and by lussell
indleate that the meldesoluvle rlycogen is free to particle
pate in the metabolism of the ecell, The fixed fraction may
remain constant and aect as a depot, Other workera, such as
Herrick and Veyer, have attempted to assign to the acidw
soluble glycogen the role of depot carbohydrate which must ve
converted into acideinsciuble glycopen if it 1s to hecome

avallable to the cell,



russe1l{90) peported on studies of the acidwsoluble
glycogen and the residual glycogen after the latter had been
liverated by alkali digestion. 3he could find no difference
in these glycogens using the measurements of degrea of branche
ing and benavior in the ultracentrifuge, Remargue(®l)
analyzed zlycosen fractions according to Eloom and confirmed
his findings, !lowever, using the metaperiodate end group
assay method he was able to demonstrate a shorter outer chain
length for the residual gslycogen, This difference in chain
length was not revealed when trichloroacotic acidwextracted
glycogen was compared with alkall extracted samples,

In 1934 Willstdtter and Rhodewald(92) desisnated two
fractions of liver glycogen as "lyo-zlykogen" and "desmoe
slykogen", The "lyo-glykogen" revresented the extractable
olycogen which formed up to 90 per cent of the total tissue
flycogen altshoupgh the ratlo depended upon the nitritional
state of the animal, They believed thut the "desmoeslykogen"
was bound to protein because it was partlally set free by
peptiec digest on and was totally released by boiling in
alkali, Other workers have demonstrated that glycopen can be
adsorbed upon proteins and other colloids(®3), It has been
demonstrated that glycoren can form u complex with myosgin,

Theas observations sup ort the view trat protelnebinding of



glycogen may play a role in repulating the @V&il&@ility of
glycogen to meet the requivements of cell activity,

Gf interest to the problem of plycosensprotein complex
are the observations made by Sutterland and Woselait(94)
during their preparation of yhos;hgrylaae* It was shiown that
glveopen acccmp&mi@d liver phosphorylase during the purie
fication procedures in the ratio of 20=30/1., In order to
free the enzyme preparation of most of the glycogen the
Impure Qhﬁsphorylasa was adsorbed on a caleium phosphate gel
and ecluted. Jurthermore, 1t was demonstrated that phosvhoryle
ase remalned In the supernatant after conbrifugation at
100,000 ge ID glycogen was added to phosphorylase solution,
the enzyme was no longer demonatrable in the supernatant
following centrifugation; it was found in the sedimenst
agsociated with glycopen, Is it possible that phosphorylase
may be assocclated with 1ts subastrate in the cell? The
regulation of phosphorylase action on flycogen may then be
regulated by phosphorylase-rupturing enzyme aor by hormones.
This might help exrlain some of the observations made
regarding differences In glycopen fractions resulting from
variocus nutritional states or as a response Lo stresses in
experimental animals, It also may be concerned with
hormonal control of enzyme systems,.

Lazarow(98) prepared a liver homogenate in normal



saline,s By differential centrifugation he was able to
separate rlycogen from the solution in the form of
particulate matter, This particulate was dispersed into
smaller units when protein precipitating agents such as trie
chloroacetic acld were adaﬁﬁ. Yoreover, he showed that bils
particulate form of plycogen conbalned small amounts of
protein and theorized that th's protein may play a role in
the maintenance of glycopen in the particulate state in the
cell,

Heterogoneity of slycogen: The dlffersences in the

amount of glycogen obbained by the various extraction
technliques could be explained on the basis of solubiliiiy,.
flyeogen is known to e polymolecular, The smaller mole-
cules of glycogen would be readily extracted by water,
trichloyvoacetle aclid ete, ﬁ@?@r(ﬁﬁ) postulated that
"desno-glykogen® represents a highly polymerie fraction of
glyeogen which is inscluble in ascid and water and is asluble
in alkall, The experiments of Meyer and Jeanloz(97)
demonstrated that glycozen subjeeted to centriiugation or
electrodialysis could bhe separated into three major die
visions sccording to thelr deprees of solubliity, Folglase
et a1 (66) demonstrated that glycogen was polydisperse as
aid pel1{65) ana mridpman(87), rolslase also demonstrated

that slycogen could be fractionated by ecentrifugation or by
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treatment with various alcohol concentrations.

The most recant

giyeogen as deternmined

veluss of 10 x 106 Lo

rlycogen(80)

chiloroacetic acldwextracted glyeo

to 80 x 106,
of molecular weirhts

Py
‘Sa s ik

work

The averape molecular weights

Larner(3%2) determined
Tor masles
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""TP
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159 x 108 ror one sample of liver
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opens ranged from 11 x 106
hat the distributions
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molecular gize bhut
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new glycosen in liver
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were confirmed using the enzyma

clyecogen developed in
The study of the
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Stetten and

the bran

respech Lo

also with respect to its mebaholie

Stetten (53) examined the syntheslis of

-

and nmecle from labeled plucose with

natrated that the radlomactivity

the outer branches of slycogen and

glucoge moleculsa were transferred %o

glycogen molecule, presumably due

ching enzyme, These observations
tic degradatlion teclmiyue of
Cori's laborabory{98),

reactlivity of glycogen moleculss of
phosphorylase was made hoth in vitro

resulta may be summarired us Tollows:
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1) musecle phosphorylase reacts preferentlally with the larger
rlycogen molecules; 2) when liver glycogen 1s treated with
liver phosphorylase, the smallest molecules react most
rapldly, Tarnep(39) supported the concept that muscle
phosphiorylase action takes place at the outer chalns of th
largest molecules of giycc%@n,

From the preceding discuaslion it should be evident that
at the intermolecular level and at the intramolecular level,
glyvcopen is metabolically lnhomopensous. The probable
replacement of a glucese rosidue in lycopgen does not occur
in a random manner, but depends upon the tissue in which the
glycagan ls gituated, the locatlon of the glucose pezidue
within the molecule and the size of this glycogen moimc&la‘ggx
The rlycopen molec le is in & conbtinuous sitate of flux
reflecting the relative rates of phosphorviase, branehing and
debranching enzyme activitles, It also may undergo cleavage
into larpe fractions due to the action of alpha-amylase,

+he study of the effeet of glycine on glycogen ag
revealed by measurements of whole populabtions of molecules
did matkaid in explaining the mechanlsm of the "rslyeine
effeet”s It 1s proposed that further work slyeosen as
influenced by dietary glycine mirht well include 1) the study
of the distribution of radioactive labeled glucose incorro-

rated ints glycogen, 2) the dlstribution of radioactivity



when glycogen is fractionated into populations of different
molecular welghta, 3) th@ study of radioactive pglucose pre=
cursors such as glyeine, serine phosphate or pyruvate, since
the expeoriments of Mariks and Feigalson(EDQQ have Indicated
That the pentosec phosphate patihway contributes gignificantly
to the formation of rlycogen glucoase am& that this is more
apparent in the fasted than in the fed rvat, Thus, if
giyeine feeding stimulates glmceneogengsia, the mechanism

may be partly revealed by such studlea,



This study was undertaken to determine if alterates in
the glycogen molecule mipht aild in explalning the "slycine
effect", CGlyeogen was lisolated from pooled rat livers.

The rats had been fed the plycine or the control diet and
“subjected to various lengths of fast. Clycopgen was isolated
by the hot alkuali method or by cold triechloroacetic acid,
These isolated glycogens were carefully purified; precaution
was taken to avoid the degradation of plycopgen, espocially
wihen In conbact with acid, itrogen content was used as

a ceriterion of glycogen purity,.

These purified glycogen samples were then oxanmined in
the following manner: 1) beta-auylase degradation, 2) sedi-
menting behavior in the uliracentrifuge, and 3) migration by
electrophoresis, These methods falled to reveal any
significant dlfference related to rlycine feeding and failed
to reveal difference between bthe plycopens lsolated by the
two methods employed,

The methods of isolation of glycogen are dlscussed
along wlth the guantitatlve aspects of the plycogen
fractions based on these two extractlon methods, also
digeussed ls the present day concept of the metabolie

N

inhomogenelty of glyecogen on an intermolecular and an

L

intramolecular level.
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