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ABSTRACT 

Exhaustive degradation of glycogen by a-amylase yields sugars, branched 
ohgosaccharldes, and a hrghly branched, relatively high-molecular-weight “macro- 

dextrm” The macrodextrm formed by actton of porcme pancreatic a-amylase on 
shellfish glycogen j?-amylase hmlt-dextrin had a molecular weight of about 6,000 and 
was obtamed m 25% yield This molecular size and yield mdlcate that there are about 
42 macrodextnn umts or clusters of dense branchmg per IO6 daltons of the glycogen 
/I-amylase lnmt dextrm, or 23 macrodextrm regrons per lo6 daltons of the orIgina 
glycogen Graded hydrolysis of the /I-dextnn by a-amylase released low-molecular- 
weight products and macrodextrms, with gradual decrease m molecuiar size of the 
residual /3-dextrm It IS concluded that the macrodextrm regons are randomIy dls- 
persed throughout the glycogen molecule rather than bemg concentrated XI the 
“ core ” Molecular weights of glycogens and hmlt-dextrms were shown to be related 
to the sedlmentatron coefficient, S, by the equauon mol wt = 5 x IO3 s3/’ 

INTRODUCTION 

Giycogen has long been known to possess an average cham length of IO-12 
D-glucose umts and to have average external and Internal cham lengths of 7-8 and 3-4 
glucose umts, respectively’ Early evidence for Internal cham lengths of less than 
34 glucose un:ts was obtamed by Roberts and Whelan’ who treated both amylopec- 
tm and glycogen with human sahvary or-amylase to obtam cz-amylase lxmlt-dextrms 

(a-dextrms) that, based upon further analysis usmg R-enzyme, were concluded to have 

Internal chain lengths of l-2 glucose umts In an attempt to find a maximal a-dextrm, 
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TJoumal Paper No J-7175 of the Iowa Agruzulture and Home Economics Expenment Statlon, Ames, 

Iowa ProJect No 1847 Supported m part by grants from the Corn Refiners Assoclatlon and the 
National Institute of General Medical Sciences, Natlonal Institutes of Health, U S Public Health 
Service (Grant GM-08822) 
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Heller and Schramm3 used porcme pancreatic a-amylase to produce a macrodextrm 

from glycogen The macrodextrm was prepared from a deprotenuzed and dialyzed 

digest by gel filtratlon and was characterized by size, yield, and susceptlblhty to further 
a-amylolytlc degradation Heller and Schramm concluded that macrodextrms repre- 
sent re@ons of the glycogen that are so densely branched that few, If any, linkages 
are susceptible to further cleavage by cc-amylase A typlcal macrodextnn, prepared 
essentially according to the method of Heller and Schramm by Dr Walter Verhue m 
our laboratorIes, had an average size of 34 glucose unzts and an average &am length 

of 4 glucose units Such macrodextnn regons might constitute the reslstant “cores” 

of glycogen molecules, with the less-branched, more metabohcally active part of the 

molecules located m the periphery. Alternatlvely, the macrodextrm regons might be 

arranged nther regularly or randomly throughout the structure, the random arrange- 

ment being appropnate for a “ statlstlcal” model of glycogen4 The work reported here 
was undertaken to determme how many denseiy branched, macrodextnn-yleldmg 

regrons exist III a glycogen molecule and how such regons are arranged within the 

glycoges molecule 

MATERIALS AND METHODS 

Glycogen was obtained from Sigma Chem Co (St LOWS, M1ssourI, gIycogen 
from shellfish, practical grade, type 11, lot No 75B-1600) Further mformatron from 
Sigma indicates that the glycogen had been obtamed through an umdentlfied supplier 
from Pacific coast oysters by water extractlon, solvent preclpltatron, and drymg 

Crystalline porcine pancreatic (I+4)-a-o-glucan 4-glucanohydrolase (E C 3 2 1 1, 

oc-amylase) and crystallme sweet potato (l-+4)-a-D-glucan maltohydrolase (E C 

3 2 1 2 ; fl-amylase), were obtamed from Worthington Blochem Corp (Freehold, 

New Jersey) Other chemicals were of reagent grade Glass-dlstllled water was &ed 

throughout 

Glycogen was eqmhbrated with laboratory air, and Its moisture content was 

determmed by drymg It m a vacuum oven Glycogen sohmons of known concentra- 

tion were obtamed by dlssolvmg welghed amounts of the air-dry glycogen with gentle 

warmmg (not over 60”) 
Gfycogen j?-amylase hmlt-dextnn was prepared approximately as suggested by 

Whelan’ Shellfish glycogen (10 g) was dlssglved with gentle warmmg In water 
(150 ml), and the solution was titered through glass wool mto a dlalysls bag The 
solution was made 0 2r.1 m sodmm acetate and 1OmM In 2-mercaptoethanolc acid 
(mercaptoacetrc acid), and acldlfied to pH 4 65 j%Amylase (0 1 ml of crystalhne suspen- 
sion) was added, and the digest was contmuously dialyzed agamst a slow stream of 
dlstllled water for 5 days Fmally, tnchloroacetlc acid was added to the digest to a con- 
centratlon of 2%, and the suspension was centnfuged to remove proteins, dialyzed 
overnight, and lyopbhzed (yield, 5 35 g) Four portlons of the glycogen B-dextrm 
were degraded with a-amylase under condltlons varymg only m the time of exposure 
to a-amylase and amount of enzyme The substrate concentration m all digests was 
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10 mg/mI Sodmm giycerophosphate, 2Om~, pH 6 8, was used as a buffer The Incub- 
atlon temperature was 40” The enzyme concentrations used were 75, 7 5, 0 75, and 
0 075 m~IImmts (mu) per ml. The durations of exposure to the enzyme were 10,20, 
40, 70, and 100 mm for the three digests with the lower enzyme concentrations and 100 
and 1000 mm for the digest with the highest enzyme concentration Enzyme actlvIty 
m mtematlona1 umts (I U of enzyme wdl hydrolyze one mIcromole of bonds per mm) 
was determmed from the lmear Increase m reducmg value with time of the digest 
contalmng the lowest concentration of enzyme The degrees of exposure of the 
j?-dextrm to a-amylase were expressed m terms of the log (Et/Q, where E 1s enzyme 
activity m U/ml, t is time m mm , and S IS the substrate concentration m mg/mI 

Three sets of samples were taken (a) For reducmg value measurement, enzyme 
actlvrty was stopped by addmg 4 vo1 of 2% sodmm carbonate (b) For gel-filtration 
analysis, enzyme actlvlty was stopped by addmg a few drops of cone ammomum 
hydroxide, and the sample was preserved by freezmg (c) For ultracentrlfugal analysis, 
enzyme actlvlty was stopped and the relatively high-molecular-weight carbohydrate 
was preclpltated by addltlon of 2 vol of hot ethanol 

Reducmg values were measured by the alkaline ferrlcyamde procedure with a 
Techmcon AutoAnalyzer Reducmg values were expressed as % apparent maltose, 
z e , the maitose concentration havmg a reducmg value equivalent to that of the sample, 
times 100, dlvlded by the substrate concentration For gel-atratIon analysis, a IO-me 
sample was separated on a Sephadex G-50 column The carbohydrate proliIe of the 
fractionated column effluent was determmed by the phenol-sulfuric acid method’ 

I w 165 44 s 

Fxg 1 Tracmg of an ultracentrlfuge plate showmg blmoda1 dlstnbutron of macromolecules, 
charactensttc of degradation of glycogen /?-amylase hmtt-dextnn by porcme pancreatic a-amylase 
DIrectIon of sedlmentatlon. left to right,, wth a double sector synthetic boundary cell The maJor peak 
(right, 44s) IS the high-molecular-we&t, partly degraded fl-amylase hmlt-dextrxn. the smaller peak 
(left, I 6s) IS macrodextnn The sample was taken at log (Et/S) = -3 13 The vertical lmes mdlcate 
the secfionmg of the diagram for quantltatlve estlmatlon of the areas under the macrodextnn and 
residual p-amylase hmlt-dextnn peaks The base lme was obtamed from the second sector of the cell, 
contammg water only 

A slmllar profile had been determmed for a column-fractionated, IO-mg sample from 
a large-scale cx-amylase hydrolyzate of glycogen The amount of carbohydrate m the 
large-scale hydrolyzate that was soluble m 66% ethanol was determmed by the add]- 
tlon of 2 vo1 of ethanol to a known amount of the hydrolyzed glycogen, and by collect- 
mg, drymg, and welghmg the preclpltate A cut-off pomt m the column-elutron profile 
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was chosen such that the column, high-molecular-weight fraction approximated the 
fraction of carbohydrate precipitated from the large-scale hydrolyzate by 66% 
ethanol Sedlmentatlon behavior was observed at 20” on aqueous solutions contammg 
approximately 1% carbohydrate, in a Spmco Model E analytical ultracentlfuge em- 
ploymg a Schheren optlcal system Sedimentation coefficients were determined by the 
maximum-ordinate method’ No correctlons were made for concentration depen- 
dence, and sedlmentatlon-coefficient dlstrlbutlons were not determined The relative 
amounts of the differently sedlmentmg populations were calculated from piammeter 
measurements of a proJected and traced Schheren Image (Fig 1) The effect of radial 
dllutlon was neghgble (2% or less) 

Fig 2 Relatlonshlp between sedlmentatmn coefficient, s, and molecular weight for sugars dextrms, 
and glycogens The straight lme IS calculated for the relatlonshlp mol wt = Ks3/’ for K = 5090, with 
s expressed m Svedberg umts This corresponds to a roughly spherlcal molecule with about 1 8 g of 

water per g of carbohydrate 

An estimate of the mol wt associated with a given sedlmentatlon coefficient 
was made graphcally (Fig 2) The ratlonale behmd Fig 2 IS presented m the Appen- 
dlx Densltles of a dilution senes were determined pycnometncally, and the partial 
specific volume was derived graphlcally (6 = 0 62&O 01) 

The hydration of gIycogen In solution was determmed approximately by 
assummg that the sedimentation-pellet volume, per g of glycogen, IS equivalent to the 
hydration volume Solutions contammg known amounts of glycogen (generally 
about 10 mg of gIycogen m 0 7 cm3 of water) were Iayered over Fluorocarbon FC43 
m a smgIe-sector uItracentrlfuge cell After bemg centnfuged at various speeds m the 
range 30,000-60,000 r p m (60,000-260,000 xg), the pellet appeared to reach an 
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approxlmateIy constant volume which was measured by use of the ultracentnfuge 
Schheren system together with the ultracentnfuge ceII geometry Numerical values 
were obtamed m the range 2 2-3 6 cm3 per g of glycogen, with the most reproducible 
value of about 2 44 cm”/g Errors m determmatlon of the pellet volume stemmed 
pnmanly from the dlfficuity m measurmg the exact posltlons of the top and bottom 
memscl, owmg to the very big refractive-mdex change between supportmg fluld, 
pellet, and solvent If It IS assumed that, m the pellet, the glycogen has an effective 
speck volume of 0 62 and water of 1, there would be 1 82 g of water of hydration 
per g of glycogen (range 1 6-3) 

0 

2 r I 

FIN 3 Time course of the converslon of shellfish-glycogen fl-dextrm by porcine pancreatic a-amylase 
to macrodextnn and low-molecular-weight products For experlmental detads see text The abscissa 
1s given as the logarithm of the product of enzyme concentration (U/ml) times time (mm) dlvlded by 
substrate concentration (mg/ml) A, mol wt of residual &dextrm @L D), X----X, amount of 
residual fi-dextrm, X- X, amount of macrodextrm, 8, amount of low-molecular-weelght dextrms 
and sugars, 0, reducmg vaIue of digest expressed as percent apparent maltose 

RESULTS 

Table I IS a compllatlon of some of the parameters of the initial shellfish- 
glycogen j?-dextrm and the products resultm, (J from action of porcine pancreatic 
a-amylase The course of the reaction IS presented graphxcally m Fig 3 The samples 
were selected to cover, m equal log (Et/S) steps, a very wide range of exposure of the 
&dextrm to the a-amylase On a-amylase actlon, the fi-dextnn rapldly declined III 
amount and molecular size As the /3-dextrm was degraded, a macrodextnn was 
formed as the maJor mitral product, together with small amounts of low-molecular- 
weight dextrms and sugars The amount of macrodextrm increased to 68% of the 
total carbohydrate at log (El/S) = -2 13, then declined as some of the less reslstant 
macrodextrms were further converted into lower-molecular-weight products How- 
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ever, even after exhaustrve treatment wrth or-amylase [at log (Et/S) = +O 87, repre- 
sentmg 1000 times the extent of exposure at log (Er/s) = -2 131, the macrodextnn 
accounted for about 25% of the rmttal /I-dextrm 

TABLE I 

ACTION OF PORCINZ PANCREATIC a-AMYLASE ON SHELLFISH-GLYCOGEN &DEXTRIN 

Extent of Redunng value Reudaal s20 w of Mel wt of Macrodextrm Low mol wt 
reactron of drgest (as fl-dextrm resldaal resldaal #T- (% of mrtlal dextrrns and 
log (Et/S) % maltose) (% of mulaI b-dextrrn dexrrrn (10-6)a /3-dextrrn) sagars (%) 

f%iexrrmn) 

Onpal p-dextrm 100 51 1 85 0 0 
-4 13 0 17 76 44 1 49 17 7 

-3 13 0 71 64 42 1 39 25b 11 
-2 13 54 9 31 0 88 68 23 
-1 13 14 6 2 20 046 50 48 
-0 13 22 5 28’ 72 

0 87 22 5 26 74 

“M = 5090 s312 bs 2. w 1 6S-mol wt 6090 %, w 14S~mol wt 5000 

The molecular wetght of the final, highly resrstant macrodextrm, was obtamed 
by reducmg value (mol wt 5,500) and by sedlmentatron and d&&on (mol wt 6,140) 

Using 6 x lo3 as the provrstonal mol wt , the yreld of macrodextrm from 
8-dextrm (25%), the molecular werght of the p-dextrm (1 85 x 106), and the yield of 
/I-dextrm from glycogen (54%), we calculate that there are appr txrmately 0 25 x 
1 85 x 106/(6 x 103) = 77 macrodextrm regrons per ongmal Sdextrm molecule [and 
hence per onginal glycogen molecule of mol wt. 1 85 x 106/ (0.54) = 3 4 x 106] The 
same analyttcal values mdtcate that there are Cl 25 x 106/(6 x 103) = 42 macrodextrm 
regrons per lo6 daltons of /I-dextrm, or 0 25 x 0 54 x 106/(6 x 103) = 22 5 macrodex- 
tnn regons per lo6 daltons of the parent glycogen 

DISCUSSION 

Our results clearly corroborate and extend the reports of Heller and Schramm3 
and Schrammg that glycogen contains regtons of dense branching (“macrodextrm”) 
resistant to cr-amylase These macrodextrms may be expected to vary substanttally 
In molecular size and degree of reststance to a-amylase, dependmg on the type of 
glycogen used, the type of a-amylase, and the extent or seventy of the treatment by 
a-amylase 

Shellfish glycogen was used for thts study because of Its avadabdxty and because 
rt Bves a htgh yreld of macrodextrm, m comparison with rabbit-hver glycogeng 
We do not know rf the ongmal state of thts glycogen was the 01 or /I form”, nor do we 
know how much, If any, degradatton occurred dunng Its commercral preparatron 
For the purposes of thts work, the dtierence between orrgmal tc or /II form IS of no 
consequence Any degradatron that may have occurred during the extractron proce- 
dure would not alter the substance of our argument 
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We have employed crystalhne porcine pancreatic a-amylase as the degradatlve 
agent because of Its avadablhty and because Its speclficlty with regard to branchmg IS 
well understood The hnear parts of glycogen--the peripheral chams and long mter- 
branch re@ons - are converted mto D-gIucose, maltose, and maItotnose, the malto- 
trxose eventually being converted mto D-glucose and maltose For the enzyme to cIeave 
between branch points, it IS only necessary that there be a chain of two a-~-( 1+4)- 
linked glucose units between the D-glucose units holding the a-D-(l-+6)-linkages” 

Isolated branches are converted mto low-molecular-weight branched ohgosacchandes, 
m the range of 4-7 glucose umts Where two or more branch pomts are separated by 
less than two D-glucose units, such regions are converted mto multiple-branched ohgo- 
saccharides” Our mltxal study of salivary-amylase macrodextrm mdlcates that it 
simply consists of larger-molecular-size clusters of dense branching built on the same 
structural prmclples as the muItlple-branched ohgosaccharldes’2 Thus, there IS a 
spectrum of multiple-branched dextrms, resistant to a-amylase, of mcreasmg molecu- 
lar slzeand branchmg complexity We have arbltrarrly designated the macrodextrms as 
those compounds precipitated by 66% ethanol from an a-amylase-digest of glycogen 
or P-hmlt-dextrm Correlation between the fractionation mto high- and low-molecular- 
weight populations by gel filtration and alcohol precipitation was good Gel-filtration 
fractionation of the 66% ethanol preclpltate from a large-scale glycogen hydrolyzate 
resulted m 97% of the material bemg classified as high-molecular-weight 

Until now, It has not been known whether the macrodextrms constitute an 
amylase resistant “core” of the glycogen molecule, or whether they are arranged 
more or less randomly m the structure, as would be expected if glycogen has a 
“statistical” structure4 From the “core” hypothesis, one would expect the glycogen 
molecule to be rapldly attacked at the penphery with formation of low-molecular- 
weight sugars and simple dextrms, leaving a single, complex high-molecular-weight 
core, destmed to become the macrodextrm From the statMIca model, one would 
expect macrodextrms to be produced as xmtlal products, together with other lower- 
molecular-weight sugars and dextrms 

From the ultracentrlfuge patterns (Fig I), it IS obvious that there IS a dlstrlbutlon 
of the macromolecular degradation products mto two major peaks, the residual 
high-molecular-weight, partly degraded /I-dextrm, and a new slow-movmg peak, 
the macrodextrm peak Formation of a macrodextrm as an mitral product is mconsis- 
tent with the smgle core hypothesis As enzymlc degradation proceeds, the macrodex- 
trm peak increases m size, while the residual /3-dextrm peak decreases both m size 
and moblhty Although we have not attempted to determme the molecular-size 

dlstrlbutlon in the residual j?-dextrln, It appears that amylase “carves” small fragments 
(macrodextrms) from the parent /?-dextrm molecule. If the amylase had cleaved 
the p-dextrm mto two approximately equal, large fragments, one would expect to see 
a single broad peak, and no macrodextrm formation AlternatIvely, one might sup- 
pose that as a smgle a-dextrm molecule IS attacked, It 1s entirely converted mto macro- 
dextrms and lower-molecular-weight products Such an interpretation would suggest 
the prompt formation of macrodextrm, as observed But, the molecular weight of the 
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resrdual &dextrm should remam more or less constant Our measurements mdrcate 
that the molecular werght of the fi-dextrm decreases progressrvely during the degrada- 
tlon 

Fig 4 Schematic 2-dImensIona representanon of shellfish-glycogen &dextrm, mol wt 410,000 
(equivalent to mol wt 760,000 of the ongmal glycogen) The diagram may be regarded as a sectlon of 

an actual polysacchande molecule, the entlre particle berng many umes larger than the sectlon 
mdlcated The regions labelled M are densely branched, and on a-amylase actlon are converted mto 
macrodextnn Orgamzatlon IS such that or-amylase mltlally cleaves the molecule mto large fragments 
or clusters, subsequently breaking these down to macrodextrm and ohgosacchandes The reducmg 
group of the orlgmal molecule might be attached to any one of the M groups, not necessanly at the 
center The dotted outline represents the penphery of the ongmal glycogen moIecuie 

From these results we suggest that the /?-dextrm (and its parent glycogen) can 
be deprcted as a “bunch” of macrodextrm regrons (M) of dense branching, held 
together mto a single molecule by regions of low-branching densny (Frg 4) The 
peripheral chains of the glycogen (dotted hnes) are readrly removed by &amylase, 
leavmg the P-dextrm z-Amylase attacks the /I-dextrm mrtrally at the outer, less 
branched regions The peripheral M regtons, being most accessible, are liberated 
first, thereby exposing the more mterror M regions to further attack As amylase actron 
continues, eventually all the accessrble glycosrdrc bonds are cieaved, leaving only the 
most resistant macrodextrms, branched ohgosacchandes, and sugars Some of the 
less resrstant macrodextrm fragments mitrally formed are themselves degraded m the 
Iater stages of the reactron, I e after log (Et/S) - -2 

The Meyer model of glycogen 1s based on chain-length measurements, averaged 
over the entirety of all the glycogen moIecules exammed13 Srmrlarly, the resuIts 
reported here are averages for all types of glycogen molecules m the preparatron 
Presumably, glycogen IS a populatron of srmrlarly constrtuted molecules, so the num- 
ber of densely branched, macrodextrm-yielding regrons per lo6 daltons of gljcogen 
would be more or less Independent of molecular size If thus IS true, degradation of the 
nattve glycogen during Its preparation and conversron mto the /?-dextrm would have 
little or no effect on macrodextnn formatron The average shellfish-glycogen molecule 
of molecular werght 3 4 x lo6 corresponds to an average of 77 densely branched 
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resons Any of several factors could account for further heterogeneity of the number 

of densely branched regions per molecule within a particular glycogen population 
One such factor could be the “metabohc age” of a glycogen molecule in terms of 

the number of successive synthesls-degradatlon cycles of the ammal’s glycogen stores 
Increased branching density could result from a random placement of new branches 
upon exlstmg structures durmg the synthesis cycle and a relative stablhty of the more 
complexly branched regions during the degradation cycle The number of densely 
branched regons m a partlcuiar native glycogen molecule also could be affected by 

fluctuations m the avallabihty of substrates, the relative actlvitles of elongatmg and 
branching enzymes14, or the relative actlvltxes of competmg, degradatlve enzymes 
during net glycogen synthesis In addition, such variables as species differences, 
feedmg schedules, mdlvldual age, time of day, or method of glycogen lsolatlon could 
contribute to dtierences In the complex branchmg patterns of glycogen Moreover, 
even with a sven glycogen preparation, different speclficltles of dlrferent cr-amylases 

(e g bacterial a-amylase m comparison with pancreatic cr-amylase) could well Bve 
different modes of degradation and slgmficant differences m the structure and yield 
of macrodextrm Further work would be necessary to examme the role played by any 
of these factors 

This work has confirmed the observations of Roberts and Whelan2 and of 
Heller and Schramm3 that there are cr-amylase-reslstant regions of glycogen much 

more densely branched than the Meyer model with Its uniform inner-chain lengths 
would mdlcate Further, we have been able to estimate the average number of 
macrodextrm-yleIdmg regions per glycogen molecule under condltlons where only 
the largest of such densely branched regions were exammed Whatever the dlstnbu- 
tlon about the average may be, It does seem clear that there are at least several tens 
of densely branched regions per molecule It also IS cIear that the glycogen /3-hmit 
dextrm begins to fragment rapldly after exposure to or-amylase with the early appear- 
ance of low-molecular-weight macrodextrms together with high-molecular-weight 
residual /3-dextnn Therefore, It seems that glycogen IS constructed of several large, 
densely branched regions connected by less densely branched, easdy hydrolyzed 
segments This more open structure contams, m addition to linear portions that give 
D-glucose, maltose, and maltotnose, segments contammg as many as 4 or 5 branches, 
resistant to further ar-amylolysls but not included m the macrodextrm fraction 
Smce the macrodextrms appear earIy during a-amylolysls, the densely branched regions 
exammed here must have been arranged randomly, m contrast to any kmd of a con- 
centratlon of densely branched regions or a dense core which would have resulted 
m macrodextrms appearmg only after extensive a-amylolysls 

APPENDIX 

Relatron betu,een sedmentatron coe#crent and molecular we&t for glycogen 

and glycogen dextrrns - Determmatlon of molecular weight by velocity ultracentn- 
fugatlon’ through use of the Svedberg equation M =Nf s/(1 - fi pO) requires expen- 

Carbohyd. Res , 24 (1972) 343-354 



352 G L BRAMMER, M A ROUGVIE, D FRENCH 

mental values for f, s, fi and p. For glycogen and glycogen dextrms of various molec- 
ular sizes, one expects that the frIctIona coefficient f and the sedlmentatlon coeffi- 
cient s would be highly variable, whereas 17, the partial specific volume of the solute, 
and pa, the solvent density, would be essentially constant The frlctlonal coefficlentf 
can be calculated for spheres by usmg Stokes law f= 6nqr, where q IS the v~scoslty 
of the solvent and r 1s the radius of the particle For a particle of (hydrated) specific 
volume u, the radms IS given by r = (3 Mz/4~ N)‘j3 and therefore f, the frictIona 
coefficient is f= 6ng (3 Mv/47r N)‘13 We can, therefore, rewrite the Svedberg equa- 
tion 

To the extent that u and I? are independent of the molecular size of the various poly- 
saccharides, we have M = Ks3/‘, where K IS a collection of the constants and expen- 
mentally invariant terms To evaluate K we have measured fi (0 62-O 63) and have 
taken the sediment volume of glycogen [total volume occupied by one gram of gly- 
cogen fully hydrated and centrifugally packed, at speeds m the range 30,000-60,000 
rpm (60,000-260,000 x g), av 2 44 with a range of 2 2-3 6 cc/g] to be roughly equlva- 
lent to the specific volume ZJ The molecular weight IS proportlonal to the square 
root of the specific volume, therefore even an approximate value of the specific 
volume aves a reasonably accurate value for the molecular weight Generally, the 
increase m f due to asymmetry IS relatively smaII m comparison wlrh hydration effects, 
except for highly asymmetric molecules Electron mIcrographs” l5 indicate that 
native glycogen 8s not highly asymmetric, although the “surfaces” of the particles 
usually show a rough texture which would increase the frictional coefficient We have 
arbitrarily included “roughness” m the hydration effect, and for the purpose ofcalcula- 
tlon we have Ignored asymmetry Evaluating all factors, we obtam M = 5 09 x lo3 
s312, where s IS given m Svedberg units 

This approach was checked emplrlcally by calculating K from hterature values 
of it4 and s for several glycogen and dextrm samples (Table II) The numerical value 
of K remams surprlsmgly constant over a range of molecular sizes mcludmg hmit 
dextrms and very high-molecular-weight glycogens Thus, the relatlonshlp has both 
an empIrIca and a theoretical validity The average K value for D-glucose, ohgosac- 
charides, and macrodextrms is about 3 x 103, mdlcatmg that these materials are much 
less hydrated and carry less trapped water than the high-molecular-wexght glycogens 
and limit dextrms For an unhydrated sphere, K = 2 57 x lo3 A graph showing the 
relationship between s and M 1s given m Fig 2 

The agreement between observed and calculated K values cannot be expected 
to be perfect Glycogen samples which have been exammed are polydlsperse Sedlmen- 
tation and diffusion coefficients measured for such mixtures are different kmds of 
average values With very high-molecular-weight samples, it IS especially difficult 
to obtain accurate values of the dlffuslon coefficients, whch m some cases were time- 

Carbdhyd Res ,24 (1972) 343-354 



DISTRIBUTION OF MACRODEXTRINS IN GLYCOGEN 353 

TABLE II 

RELATIONSHIP BETWEEN SEDIMENTATION COEFFICIENT AND hlOLECULAR WEIGHT FOR GLYCOGEN, 

DJXTRlNS, AND LOW-MOLECULAR-WEIGdT SUGARS 

S M KC MS-~/Z Reference 
(Sedbefgs) 

D-Ghcose 0 13 180 3840 16 
Sucrose 022 342 3314 
Raffinose 027 504 3592 
Cyclohexaamylose 048 972 2923 
Maltoheptaose 045 1152 3464 
Cyclooctaamylose 049 1296 3778 

Macrodextnn 
Macrodextrm 

1 55 
I 5.5 

5500” 2850 
6140b 3181 

This work 

Glycogen 
Glycogen fraction 
Glycogen fraction 
Glycogen fraction 
Glycogen fracnon 

54 
443 
33 8 

252 

184 

26~10~ 6552 17 
19x106 6443 
12x106 6107 

0 8 x 106’ 6324 
05X106’ 6335 

Glycogen 
Glycogen 
Glycogen 
Glycogen 
Glycogen 

65 4 1 x 106 7824 18 
61 39x106 8186 

100 139x106 13,900 
82 52x106 7003 
73 46x 106 7375 

Liver glycogen 99 40x 106 4061 
Lwer glycogen fraction 1 109 54x106 4745 
Lwer glycogen fraction 2 70 3 ox 106 5122 
Muscle glycogen fraction 1 76 46x IO6 6943 
Muscle gIycogen fracnon 2 61 27~10~ 5669 

19 

‘By reducmg-value method *By s and D measurements ‘Obtarned by assummg that these fractions 
have the same f/f0 as the higher-molecular-welghl preparations 

dependent Moreover, different mvestlgators have used values of 5 rangmg from 0 60 

to 0 65, with 0 65 bemg used most frequently I8 2o Although this introduces only 
a mmor error, It contributes to the overall uncertainty m the molecular weight, and 

hence m the K value 
The authors beheve that changes m the sedunentatlon coefficient alone accura- 

tely refiect changes In the relative molecular weights of the various glycogen and dex- 
trm samples, and that, at least for comparative purposes, It IS unnecessary to obtam 
the less meanmgful and unresolved dlffuslon coefficients 
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