
XII. POLYSACCHARIDES (7) 

Parti 

General Aspects and Phyto and Microbial Polysaccharides 

R O Y L. WHISTLER AND W. M. CORBETT 

Polysaccharides are high-molecular-weight carbohydrates. They may be 
viewed as condensation polymers in which monosaccharides (or their deriv-
atives such as the uronic acids and aminosugars) have been glycosidically 
joined with the elimination of water according to the empirical equation: 

n C6H12Oe -+ [CeH10O6]„ + (n - 1)H20 

From the reverse direction this equation states that polysaccharides, on 
complete hydrolysis, yield only simple sugars (or their derivatives). Poly-
saccharides and oligosaccharides (Chapter IX) are thus, to this extent, 
defined similarly. However, the term polysaccharide is limited generally 
to those monosaccharide condensation polymers which contain ten or 
more monosaccharide residues. As was seen in Chapter IX, oligosaccharides 
contain two to nine sugar residues. Obviously this limitation of the two 
terms is completely arbitrary. I t is justified on the basis that, as found in 
nature, most oligosaccharides contain two or three monosaccharide units 
in contrast to most polysaccharides which contain a hundred to several 
thousand monosaccharide units. Carbohydrates containing 5 to 15 sugar 
residues have not been found in nature although they surely occur, at 
least in small amounts. A few natural polysaccharides contain 30 to 100 
sugar residues but most contain more. 

1. NOMENCLATURE AND CLASSIFICATION 

In the early periods of carbohydrate chemistry no systematic nomen-
clature existed. A polysaccharide name coined at that time usually re-
flected the origin of the polysaccharide or sometimes emphasized some 
property of the isolated substance. Illustrative examples of such poly-
saccharide nomenclature are found in the terms cellulose, the principal 

1. For a comprehensive review of polysaccharide chemistry see R. L. Whistler and 
C. L. Smart, "Polysaccharide Chemistry." Academic Press, New York, 1953. 
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component of cell walls in plants, and starch, a name derived from the 
Anglo-Saxon "stercan" meaning to stiffen. Names like these were not de-
signed with a view toward their being put into a systematic nomenclature. 
Yet they have been used so extensively that they must be accepted in 
spite of their deficiencies. 

Progress toward a systematic nomenclature has produced the significant 
ending -an to designate that a substance is a polysaccharide. (The ending 
-osan signifies a simple sugar anhydride (see Chapter VII).) Thus, another 
word for polysaccharide is the generic term glycan. This term is evolved 
from the generic word glycose, meaning a simple sugar, and the ending 
-an, signifying a sugar polymer. Although not all older polysaccharide 
names employ this ending, it is found generally in names of polysaccharides 
composed of one or two sugar types: araban for an arabinose polymer, 
xylan for polymers of xylose, mannan for those of mannose, galactan for 
those of galactose, and galactomannans for galactose-mannose combina-
tions. Until recently certain polymers of fructose were called fructosans. 
The name of the fructose polymers has been correctly shortened to fruc-
tans. 

Persistent because of its wide use in the literature is the term pentosan, 
which designates polysaccharides composed of pentose sugar residues. This 
obviously unsystematic term has so far not been shortened to pentan or 
glycopentan. Cellulosan as a term for polysaccharides closely associated 
with cellulose is little used in modern carbohydrate literature. 

Many polysaccharide names ending with the unsystematic and un-
desirable -in ending have been changed to end in -an as a step toward 
uniformity. Such terms are laminaran, carrageenan, lichenan, isolichenan, 
asparagan, senistran, graminan, tritican, kritesan, phlean, secalan, poan, 
pyrosan, and irisan. Names which have not been changed because of their 
long-standing and wide use are: pectin, amylopectin, inulin, chitin, heparin, 
and chondroitin. 

The systematic name glucan does not refer to a specific polysaccharide 
but signifies only that the polysaccharide is composed of glucose residues. 
The manner of Unkage and the arrangement are not specified. The name is 
a group name only and applies as well to cellulose as to glycogen, laminaran, 
or other glucose polymers. The polysaccharide can be defined more specifi-
cally if a source designation is also employed as part of the name. Thus, a 
more definite polysaccharide is specified in each case by the designation 
beechwood xylan, yeast mannan, or peanut araban. 

Polysaccharides of the same type differ at least slightly from one source 
to another. Sometimes the differences are quite marked, as with starches. 
There is a well-known and readily apparent difference among starches 
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from different plants. A particular starch is meant, however, by banana 
starch or corn starch. 

Ideally, the polysaccharides should be classified according to their 
chemical composition and structure as has been suggested by Whistler (1). 
In such a classification, polysaccharides hydrolyzing to only one mono-
saccharide type are termed homoglycans while polysaccharides hydrolyz-
ing to two or three or more monosaccharide types are termed heteroglycans 
with prefixes of di-, tri-, and so on to designate the number of different 
types of sugar units. At present there is no proof that more than five or 
six types of sugar units occur in a single polysaccharide. The number of 
types of sugar units contained in a polysaccharide can easily be determined 
by Chromatographie examination of the hydrolyzate, provided, of course, 
that the polysaccharide is pure. In this structural classification the first 
logical subclassification separates polysaccharides as to whether they are 
linear or branched. This separation can readily be made by performing 
several simple tests. The easiest test is that of film formation. An aqueous 
polysaccharide solution when spread on a glass plate and dried will be 
brittle if a branched polysaccharide is present. Films from linear molecules 
will be strong, undergo folding without breaking and when plasticized can 
be stretched with the development of birefringence and a detectable "fi-
brous" X-ray pattern. Linear polysaccharides also show streaming bire-
fringence when their solutions are stirred and viewed between crossed 
polarizing plates. Methylation studies may further reveal whether a mole-
cule is branched. 

Unfortunately, many polysaccharides have not been examined in rigor-
ously pure conditions, and often examination has not extended to charac-
terization of films. Therefore, at times, it is useful to classify polysaccharides 
according to source. 

In subsequent discussion, the polysaccharides will be discussed from the 
standpoint of their sources as: 

Phytopolysaccharides (Phytoglycans) 
Bacterial and Fungal Polysaccharides 
Zoöpolysaccharides (Zoöglycans) and Conjugates (Glycoproteins and 

Glycolipides) 
The phytopolysaccharides and the bacterial and fungal polysaccharides 

will be considered in Part I of this chapter, and the zoöpolysaccharides in 
Part II . This classification, however, has the definite disadvantage that 
some polysaccharides of identical or similar structure are separated ac-
cording to their origin. Thus, amylopectin (plants) and glycogen (animals) 
are separated. Chitin is found in lower animals, microorganisms, and fungi. 
Cellulose, although considered typical of plants, is also produced by some 
bacteria and lower animals. 
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2. THE STRUCTURES OF POLYSACCHARIDES 
A. GENERAL CONCEPTS 

Though polysaccharides may be viewed as condensation polymers 
formed by the combination of monosaccharides with the elimination of the 
elements of water, the naturally occurring polysaccharides are far less 
complicated than would occur if the combination of monomers took place 
in random fashion. In fact many simplifying features are apparent on 
careful examination of all known polysaccharide structures. The basic 
reasons for such simplified and ordered arrangements stem from the action 
of those specific synthesizing enzymes which produce the monosaccharides 
and those enzymes which connect the monosaccharides, by various and 
sometimes complex routes, to polymer structures. Methods by which 
enzymes produce polysaccharides are given on page 703. 

In the condensation of monosaccharides to form natural polymers, the 
hydroxyl on the anomeric carbon always participates in the condensation. 
Since most polysaccharides are composed of aldose sugar units, this dis-
cussion will be confined to such units. The hydroxyl on carbon atom 1 
(anomeric carbon) may condense with any hydroxyl other than that at 
C-l on an adjoining monosaccharide unit. In this way, a linear chain can 
be formed with a free C-l hydroxyl group at one end. A complete random-
ness of linkage with the various hydroxyl groups has never been found in 
nature. Most frequently, a particular mode of linkage is repeated uniformly 
through the chain. Even the stereoconfiguration of C-l remains constant 
in most observed cases. Thus, in amylose, there is a uniform α-Ό-1—»4 link-
age, in cellulose a uniform β-Ό-1—*4 linkage, and in laminaran an essen-
tially uniform β-D-l—>3 linkage. 

A further and highly simplifying fact in polysaccharide chemistry is that 
of the multitude of stereoisomeric monosaccharides only a very few are 
found in natural polysaccharides. Of the hexoses there are D-glucose, D-man-
nose, D-fructose, D-galactose, and infrequently L-galactose, and possibly 
D-idose or L-altrose. Of the pentoses there are D-xylose, L-arabinose, and 
infrequently D-arabinose. Of the modified simple sugars there are D-glucos-
amine, D-galactosamine, D-glucuronic acid, D-galacturonic acid, D-man-
nuronic acid, L-fucose, and L-rhamnose. Even these monosaccharides do 
not occur at random in polysaccharides but rather are found in a systematic 
arrangement. 

Frequently a polysaccharide consists of but a single type of sugar unit. 
The most abundant polysaccharides are of this type. Paramount, as an 
example, is cellulose, which is present in the world in a quantity equal to 
or greater than the quantity of all other polysaccharides. Yet cellulose 
consists of a chain of D-glucopyranose units linked uniformly together by 
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β-D-l—A bonds. The presence of another linkage, once in some 700 links, 
is not ruled out. Essentially cellulose is a linear chain represented by A in 
Fig. 1. 

Sometimes the hydroxyl groups of C-1 from two sugars have apparently 
condensed with two hydroxyls other than C-1 on a third sugar unit in a 
polysaccharide. When this occurs a branch point is produced in the mole-
cule. The molecule may contain a single branch as in B of Fig. 1 or it may 
contain numerous branch points. Sometimes the branch may be but a 
single sugar unit in length. The molecule then is a substituted linear 
polysaccharide with sugar units acting as the substituents. Such a structure 
is C in Fig. 1. In other instances a branch-on-branch structure may occur 
which may be likened to a bush; a small section is depicted in D of Fig. 1. 

In no known instance do polysaccharides occur as a cage or three-
dimensional net structure. They are either linear, cyclic, or branched. It 
is apparent that when a branch point is introduced the glycosidic bond 
connects different positions from those connected in the linear portions 
between branches. I t is common to find the same kind of glycosidic linkage 
at all branch points in a homoglycan. If more than one type of sugar unit 

OOOOOOOOOOOOO 
A 

OOOOOOOOOOOOO 
^DOOOOO 
B 
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is present it is usual for all units of the same sugar to be linked in the chain 
by the same sort of glycosidic bond. 

Even in a linear homoglycan it is possible for more than one type of 
glycosidic linkage to be prevalent. In such a molecule the linkages do not 
occur randomly but are usually in an ordered arrangement. 

If two or more types of sugars occur in a polysaccharide, the sugar units, 
generally, seem to be in an ordered arrangment. Thus, in linear dihetero-
glycans, polysaccharides composed of two kinds of sugars, the units seem-
ingly are arranged in an alternating and regular fashion. Some dihetero-
g]yeans have the structural arrangment illustrated by C of Fig. 1. In this 
structure the principal chain may be composed of one type of sugar linked 
uniformly throughout, while the branches are composed of a second type 
of sugar which may be connected to the main chain by identical glycosidic 
bonds. 

When more than two types of sugars are combined to produce a poly-
saccharide, they usually form a branch-on-branch structure exemplified 
by D in Fig. 1. Even here, some semblance of a simplifying order seems to 
exist. Thus, it is common to find hexose sugars and perhaps uronic acids 
in the main or central branches while the pentose sugars, D-xylose and 
L-arabinose, are in the side branches. 

There are, then, in polysaccharides certain naturally imposed simplifica-
tions which greatly facilitate their understanding and theii; structural 
characterization. However, it is possibly correct to say that no polysac-
charide is completely uniform. Even such seemingly regular molecules as 
cellulose and amylose appear to have irregularities or "anomalous links" 
in their structures. The irregular linkages are rare and may have a fre-
quency of only 1 in each 700 linkages as seems to be true in some celluloses. 
Such rare irregularities are explainable on the basis that the various pos-
sible glycosidic bonds do not differ greatly in energy; hence, within the 
enzyme-substrate system there may at times occur a brief change, influen-
tial in causing an irregularity to develop in the chain growth. The irregular-
ity may be due to a brief abnormal action on the part of the principal chain-
synthesizing enzyme or may be due to the interference or the usurping 
action of a second enzyme. If enzymes are beyond reproach in the forma-
tion of irregular bonds, then quite conceivably such infrequent bonds could 
be produced by chance chemical synthesis. 

B. PURIFICATION AND PROOF OF STRUCTURE 

Since polysaccharides do not occur pure, it is essential that they be 
purified before their structures can be determined. Unfortunately, much 
careful structural work, particularly methylations, has been done on 
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products of unknown purity. Sometimes impurities may be easily removed, 
as in the case of cotton cellulose. In other instances, involving the simul-
taneous extraction of more than one polysaccharide, tedious procedures 
are necessary to effect separation and even then purification may be in-
complete. Care must be taken when isolating polysaccharides from biologi-
cal material to ensure that enzymic degradation does not occur. Enzyme 
action can be stopped by immersing the fresh tissue in hot ethanol. 

Unfortunately, there are no specific tests for absolute purity of poly-
saccharides. A polysaccharide may be regarded as free from other poly-
saccharides if it may be separated by at least two suitable procedures into 
fractions each of which have the same physical and chemical properties. 
The principal methods for the fractionation of polymeric compounds are 
listed below. Most of these are applicable to polysaccharides or glyco-
proteins. 

I. Solubility methods (2, 2a). 
A. Fractional precipitation (by adding precipitant or by cooling). 
B. Fractional solution (by solvents of varying composition and at 

varying temperatures). 
C. Distribution between immiscible solvents (inclusive of Craig 

countercurrent distribution). 
II . Ultracentrifugation (2, 2b). 

III . Ultrafiltration through graded membranes (dialysis and electro-
dialysis) (2} 2a). 

IV. Methods depending on electrical charge (applicable to polymers 
which can be ionized or converted to ionic complexes) (2, 2c). 

A. Electrophoresis (inclusive of "mobility spectra" and "isoelectric 
spectra"). 

B. Electroconvection. 
C. Ionography (electrophoresis in stabilized media). 

V. Chromatographie adsorption, ion exchange, and partition chroma-
tography (inclusive of paper chromatography) (2, 2a, 2d). 

VI. Molecular distillation (2, 2a). 

2. L. H. Cragg and H. Hammerschlag, Chem. Revs. 39, 79 (1946) ; A. C. Corcoran, 
ed., "Methods in Medical Research," Vol. 5. Year Book Publishers, Chicago, 1952. 

2a. A. Weissberger, ed., "Techniques of Organic Chemistry," 2nd ed., Inter-
science, New York, 1954. 

2b. A. E. Alexander and P. Johnson, "Colloid Science." Oxford U. P., New York, 
1949. 

2c. A. Kolin, Proc. Natl. Acad. Sei. (U. S.) 41, 101 (1955); S. Raymond, Proc. Soc. 
Exptl. Biol. Med. 81, 278 (1952) ; M. E. Adams, M. L. Karon, and R. E. Reeves, J. Am. 
Chem. Soc. 73, 2350 (1951); H. J. McDonald, "Ionography." Year Book Publishers, 
Chicago, 1955. 

2d. E. Lederer and M. Lederer, "Chromatography." Elsevier, New York, 1953. 
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a. Hydroxyl Groups 

The main reactive group present in any polysaccharide is, of course, the 
hydroxyl group. However, there may be other groups of importance which 
may occur naturally or be produced by the process of isolation or any other 
treatment. The average number of hydroxyl groups per sugar residue is 
usually measured by the determination of the acetyl or methyl groups 
introduced by acetylation or methylation of the polysaccharide. An estimate 
of the number of free primary hydroxyl groups may be obtained by tosyla-
tion (p-toluenesulfonation) or tritylation (triphenylmethylation). Primary 
hydroxyl groups are generally tosylated some 20 times faster than secon-
dary hydroxyl groups, and under suitable conditions esterification of 
primary hydroxyl groups only may be achieved. Estimation of the primary 
tosyl groups is made by reaction of the ester with sodium iodide whereby 
only primary tosyl groups are replaced by iodine. Primary hydroxyl groups 
can also be determined by measurement of the number of trityl groups 
introduced on reaction of the polysaccharide with trityl chloride. This 
reaction combined with carbanilation may be used to measure the number 
of both primary and secondary hydroxyl groups (8), Ultraviolet light 
absorption is used to estimate the number of carbanilate and trityl groups 
present. 

Secondary hydroxyl groups cannot be determined directly. However, 
when adjacent hydroxyl groups (a-glycol groups) occur in the molecule, as 
in 1 —■> 4 glucans, they may be determined by oxidation with periodate or 
lead tetraacetate (see p. 699). Lead tetraacetate oxidations are restricted 
to nonaqueous solutions, whereas periodate is used for aqueous solutions. 
One mole of oxidant is consumed for each carbon bond broken. 

b. Uronic Acids 

Almost half of the known types of polysaccharides contain uronic acid 
units. Uronic acid residues may be determined by decarboxylation with 
12% hydrochloric acid and the evolved carbon dioxide determined by 
absorption (4) or by manometric measurement (5). A micro-quantitative 
colorimetric method employing carbazole has been developed for uronic 
acids (6), (See also Part II of this chapter and Chapter XL) 

8. C. J. Malm, L. J. Tanghe, B. C. Laird, and G. D. Smith, Anal. Chem. 26, 188 
(1954). 

4. R. L. Whistler, A. R. Martin, and M. Harris, J. Research Natl. Bur. Standards 
24, 13 (1940). 

5. M. V. Tracey, Biochem. J. 43, 185 (1948). 
6. Z. Dische, / . Biol. Chem. 167, 189 (1947); 183, 489 (1950). 
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c. Other Acidic Groups 

Native polysaccharides with acid groups other than the uronic type are 
not very common except for the sulfate esters. Total acidity may be esti-
mated by direct titration, but erroneous results are obtained if the poly-
saecharide is alkali-labile as is the case with many oxidized polysaccharides. 
Addition of calcium acetate (7, 8) or sodium bromide (8, 9) to the poly-
saecharide solution increases the accuracy of the titration. Other methods 
for the estimation of carboxyl and other acidic groups involve determina-
tion of the amount of méthylène blue absorbed, or determination of the 
amount of silver salt formed by exchange from a solution which contains 
silver in combination with a very weak acid. The sulfate content of poly-
saecharide sulfates, such as agar, is obtained by ordinary sulfate analysis 
of the completely hydrolyzed or ashed polysaecharide. 

d. Carbonyl Groups 

Although many methods have been devised for the estimation of car-
bonyl groups in polysaccharides, a simple stoichiometric method is not 
available. The number of aldehyde groups in a polysaecharide is usually 
measured with alkaline iodine (10). Chlorous acid is also useful (11). The 
oxidation can be followed by the consumption of oxidant or amount of 
acid formed. In one colorimetric method, 2,5-dinitrosalicylic acid in al-
kaline solution (12) is used. In another, the ferricyanide reduced by car-
bonyl groups is measured after conversion to Prussian blue (12a). Two 
principal sources of difficulty with these methods must be guarded against, 
over-oxidation and/or alkali-lability of the polysaecharide. Frequent 
empirical use has been made in cellulose chemistry of the copper number 
(a measure of copper reduction) and in starch chemistry of the alkali 
number (a measure of the alkali consumed in saccharinic acid formation). 
Saccharinic acid formation begins at the reducing terminal and progresses 
through successive removals of sugar moieties (see p. 653). 

Several methods have been devised for the determination of total 
carbonyl groups under neutral conditions. In one method the polysaecharide 

7. E. C. Yackel and W. O. Kenyon, J. Am. Chem. Soc. 64, 121 (1942). 
8. A. C. Ellington and C. B. Purves, Can. J. Chem. 31, 801 (1953). 
8a. A Schwebel, H. S. Isbell, and J. V. Karabinos, Science 113, 465 (1951). 
9. C. C. Unruh, P. A. McGee, W. F. Fowler, Jr., and W. O. Kenyon, J. Am. Chem. 

Soc. 69, 349 (1947). 
10. A. R. Martin, L. Smith, R. L. Whistler, and M. Harris, J. Research Nail. Bur. 

Standards 27,449 (1941). 
11. H. F. Launer, W. K. Wilson, and J. H. Flynn, J. Research Natl. Bur. Standards 

51, 237 (1953). 
12. K. H. Meyer, G. Noelting, and P. Bernfeld, Helv. Chim. Ada 31, 103 (1948). 
12a. S. Nussenbaum and W. Z. Hassid, Anal. Chem. 24, 501 (1952). 



650 R. L. WHISTLER AND W. M. CORBETT 

is reacted with phenylhydrazine acetate and the combined nitrogen deter-
mined; in another, the polysaccharide is reacted with hydroxylamine 
hydrochloride or O-methylhydroxylamine hydrochloride and the amount 
of liberated hydrochloric acid measured. Still another procedure involves 
the reaction of the carbonyl groups with hydrogen cyanide; the number 
of combined groups is estimated by measurement of the ammonia liberated 
on hydrolysis of the cyanohydrins (8), or, if radioactive hydrogen cyanide 
is used, by the activity of the final polysaccharide (8a). 

e. Other Groups 

Methyl groups are frequently found as esters of uronic acids and some-
times as ethers of sugar residues. Ether-linked methyl groups and total 
methoxyl are determined by the Zeisel method (13). Methyl esters or glyco-
sides may be differentiated from methyl ethers by the action of alkali and 
acid, respectively, which will saponify the ester or glycoside but have no 
effect on the ether. The ester or glycosidic methoxyl can be distilled as 
methanol and be determined colorimetrically after oxidation to formal-
dehyde and condensation with Schiff reagent (14)· 

Glucosamine and galactosamine in polysaccarides are measured usually 
by the method of Elson and Morgan after hydrolysis. The aminosugar is 
condensed with acetylacetone followed by p-dimethylaminobenzaldehyde 
(Ehrliche reagent) (15). Aminopolysaccharides frequently occur as the 
ΛΓ-acetates. In general, iV-acetyl groups are more resistant to hydrolysis 
than O-acetyl groups, being hydrolyzed only by hot, aqueous, strong acids 
or bases (15d). (See also Chapter VIII and Sialic Acid, Part II.) 

/. Nonreducing End Groups 

The ratio of nonreducing to reducing end groups in a polysaccharide 
gives a measure of the extent of branching, for there will be one branch 
for each nonreducing end unit found above one. The ratio of glycosidic 
units to nonreducing end units gives the average chain length of the 
branches. 

Periodate oxidation is useful for end-group assay (16-18). A linear 

IS. See F. J. Bates and associates, Nail. Bur. Standards Cire. C440, 509 (1942). 
14. C. L. Hoffpauir and R. E. Reeves, Anal. Chem. 21, 815 (1949). 
15. See E. A. Kabat and M. M. Mayer, "Experimental Immunochemistry," p. 312. 

C. C Thomas, Springfield, 111., 1948; N. F. Boas, J. Biol. Chem. 204, 553 (1953). 
15a. A. Chaney and M. L. Wolfrom, Abstr. papers, Am. Chem. Soc, Atlantic City 

p. 4D, 1956. 
16. F. Brown, S. Dunstan, T. G. Halsall, E. L. Hirst, and J. K. N. Jones, Nature 

156,785 (1945). 
17. T. G. Halsall, E. L. Hirst, and J. K. N. Jones, J. Chem. Soc. p. 1427 (1947). 
18. A. L. Potter and W. Z. Hassid, / . Am. Chem. Soc. 70, 3488 (1948). 
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polysaccharide yields definite quantities of formic acid from the nonreducing 
terminal sugar and of formic acid and formaldehyde from the reducing 
terminal sugar (p. 700). The formaldehyde is produced in small yield, and, 
if precautions are not taken, is liable to be further oxidized. Formic acid 
may be titrated directly. Excess oxidant can be removed by ethylene glycol. 
The formic acid liberated from the reducing end groups of a highly branched 
1 —> 2, 1 —> 3, or 1 —> 4 polysaccharide will be negligible to that liberated 
from the nonreducing units, and the total formic acid produced may be 
taken as a measure of the branch length. This method is not applicable 
to 1 —> 6 hexans, because each of the sugar units will liberate one mole of 
formic acid. 

The original methylation method introduced by Haworth (19) is still 
of importance. Paper-chromatographic modifications have made the 
method applicable at a micro-scale. The nonreducing terminal group of a 
linear polysaccharide contains one more hydroxyl group than the preceding 
units, and, if branching occurs, the branch unit will contain one less hy-
droxyl group than the adjacent sugar units. These groups may be esti-
mated by methylation of the polysaccharide followed by hydrolysis or 
methanolysis to give the methylated monosaccharides or glycosides. It is 
important that methylation be complete and that no degradation occur. 
Hydrolysis or methanolysis also must be carefully controlled to keep 
demethylation to a minimum (20). 

Originally, quantitative separation of the various methylated glyco-
sides was achieved by fractional distillation in high vacuum (19). In the 
case of amylopectin, methyl 2,3,4,6-tetra-O-methyl- and 2,3,6-tri-O-
methylglucosides were isolated as well as a small quantity of a mixture of 
methyl di-O-methylglucosides. The yield of di-O-methylglucoside, derived 
from the branching points, should be equal to the yield of the tetra-O-
methylglucoside, from the nonreducing terminal groups, but in practice 
it is greater. This is due to incomplete methylation and to demethylation 
during methanolysis. 

Other methods have been described for the separation of methylated 
sugars. These include partition between an organic solvent and water 
(21, 22) and separation on columns of alumina (22), silica gel (23), or 
charcoal (2J(). A micro method now generally adopted has come into being 

19. W. N. Haworth and H. Machemer, J. Chem. Soc. p. 2270 (1932). 
20. K. Freudenberg and H. Boppel, Ber. 73, 609 (1940). 
21. J. Y. Macdonald, / . Am. Chem. Soc. 57, 771 (1935). 
22. F. Brown and J. K. N. Jones, / . Chem. Soc. p. 1344 (1947). 
23. D. J. Bell and A. Palmer, Nature 163, 846 (1949). 
24. B. Lindberg and B. Wickberg, Acta Chem. Scand. 8, 569 (1954); W. J. Whelan 

and K. Morgan, Chemistry & Industry p. 78 (1954). 
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with the application of paper chromatography to carbohydrates {25). The 
positions of the various methylated monosaccharides which have been 
separated on sheets of filter paper by development with a butanol solvent 
are revealed by spraying with suitable reagents. Such components may 
be partially identified by the distance traveled on the paper and by the 
color which they produce with various reagents. Quantitative estimation 
of the methylated sugars is obtained by elution of each from unsprayed 
sheets of filter paper and oxidation with alkaline iodine or periodate. 
Analysis of a mixture of methylated sugars may be obtained by spraying 
the papers to reveal the location of the various components and then 
measuring the amount of reflectance or light transmission of the various 
spots (26). (See also Chapter XI.) Only a very small percentage of tetra-
O-methylhexose will be obtained on hydrolysis of a methylated polysac-
charide of high molecular weight. Here greater accuracy in end-group 
determination may be obtained by concentration of the tetra-O-methyl-
hexose, relative to the tri-O-methylhexose, by extracting the former from 
an aqueous solution with chloroform. By paper-sheet or cellulose-column 
chromatography of methylated polysaccharide hydrolyzates, sufficient 
amounts of the individual methylated monosaccharides may be obtained 
to prepare crystalline derivatives for identification (27). 

g. Identification of Monosaccharides (see also Chapter XI) 

Mixtures of sugars, such as occur in the hydrolyzates of polysaccharides, 
are frequently difficult to separate into the component sugars. Crystalliza-
tions, selective precipitations with chemical reagents, and fermentations 
have been used when applicable. A more general tool is chromatography, 
particularly when only small amounts of material are available for study. 
Some combinations are easily separated chromatographically and some, 
for example, fructose and mannose, only with considerable difficulty. 
Silicates and activated carbon are particularly useful for adsorption chro-
matography and cellulose (powder or paper) for partition chromatography 
of the sugars. 

Paper chromatography provides a rapid, sensitive micro method often 
enabling trace components to be detected. On paper, artifacts have been 
detected which were produced by exposure of the sugar to alkali during 
neutralization of the hydrolyzates. Care should be taken to avoid even 
brief exposures of the sugars to alkalies. Neutralization through electro-
dialysis has been used to avoid this danger. Information as to the identity 
of the sugar is obtained from the distance of its movement and from the 

25. E. L. Hirst, L. Hough, and J. K. N. Jones, J. Chem. Soc. p. 928 (1949). 
26. E. F. McFarren, K. Brand, and H. R. Rutkowski, Anal. Chem. 23,1146 (1951). 
27. L. Hough, J. K. N. Jones, and W. H. Wadman, J. Chem. Soc. p. 2511 (1949). 
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colors produced by different sprays (28). However, since many sugars 
move at the same rate even in several different solvents, confirmatory 
evidence is necessary. After elution, the monosaccharide at each location 
on a filter-paper chromatogram may be estimated by micro methods such 
as those with alkaline iodine (25), Somogyi's reagent (29), or periodate. 
The sugars may also be estimated by the density of the spots produced 
by various sprays (26). Unequivocal identification, however, depends on 
the recovery of a sufficient quantity of the pure sugar for the determination 
of its properties and those of its derivatives. 

Monosaccharides may be separated by the addition of borax to form 
negatively charged complexes which are absorbed on columns of basic 
ion-exchange resins, from which the sugar complexes are preferentially 
eluted with dilute solutions of sodium borate (30). The complexes may 
also be separated by ionophoresis because of differences in dissociation 
constants (81). Individual sugars may be determined by selective fermen-
tation or enzymic degradations. 

h. Nature of the Glycosidic Linkages 

Information on the nature of the glycosidic links present in a polysac-
charide may be obtained by investigation of the products formed by the 
action of alkali, especially lime water. Thus, 1 —» 4 hexans (e.g., hydro-
cellulose) produce isosaccharinic acids (82) and 1 —» 3 hexans (laminaran) 
produce metasaccharinic acids (88). 

Use has been made of the relationship between the optical rotation of 
D-glucans in water and cuprammonium hydroxide solution and that of the 
methyl mono-O-methyl-D-glucoside which is methylated on the same 
hydroxyl group as that involved in the glucosidic link of the glucan (84). 
See Table I. 

The methods most used in identifying the nature of the glycosidic bridge 
are periodate oxidation and examination of hydrolysis products from the 
fully methylated polysaccharides. Identification of the O-methylsugars 
from the hydrolyzed O-methylpolysaccharides suggest the location of 
glycosidic linkages and acetal rings in the partially methylated monosac-
charides. Determination of the amount of formic acid and formaldehyde 

28. L. Hough, J. K. N. Jones, and W. H. Wadman, J. Chem. Soc. p. 1702 (1950). 
29. A. E. Flood, E. L. Hirst, and J. K. N. Jones, J. Chem. Soc. p. 1679 (1948). 
80. J. X. Khym and L. P. Zill, J. Am. Chem. Soc. 73, 2399 (1951). 
81. H. Michl, Monatsh. 83, 737 (1952) ; R. Consden and W. M. Stanier, Nature 169, 

783 (1952). 
32. J. J. Murumow, J. Sack, and B. Tollens, Ber. 34, 1427 (1901). 
88. W. M. Corbett, J. Kenner, and G. N. Richards, Chemistry & Industry p. 462 

(1953); p. 1483 (1954). 
84. R. E. Reeves, J. Biol. Chem. 154, 49 (1944). 
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TABLE I 
SHIFT IN OPTICAL ROTATION DUE TO COMPLEX FORMATION 

Substance 

Methyl 2-0-methyl-j8-D-glucoside 
Methyl 3-0-methyl-a-D-glucoside 
Laminaran 
Methyl 4-0 -methyl -0-D-glucoside 
Cellulose 
Soluble starch 
Glycogen 
Methyl 6-0-methyl-j8-D-glucoside 

α In 1:1 mixture of water and triton B 

M 

Water 

-69° 
-46° 
-29° 
-36° 
-46°* 

+375° 
+366° 

-48° 

25 1 
436 

Cupram-
monium 

hydroxide 

+985° 
-86° 
+34° 

-1008° 
-1200° 
-715° 
-597° 
+ 161° 

Difference 

+ 1054° 
-40° 
+63° 

-972° 
-1154° 
-1090° 
-963° 
-209° 

produced during periodate oxidation sometimes easily identifies the hy-
droxyl groups which are not involved in glycosidic linkage or ring forma-
tion (p. 700) (86, 86). 

Additional information can be gained by reduction and hydrolysis of 
the oxidation products resulting from the action of periodate. Information 
concerning the position of the linkages in dextrans was derived by analyti-
cal determinations of glycerol, erythritol, and glucose, which result, re-
spectively, in this way from 1—>6, 1—>4, and 1—»3 linked glucopyranoses 
(87). 

Final proof of the nature of the glycosidic linkages is obtainable only 
by partial hydrolysis (or acetolysis) of polysaccharide derivatives to low-
molecular-weight oligosaccharides, whose structures, if not already known, 
may be unambiguously determined (for method see p. 701). This procedure 
is particularly essential for establishing the order of linkages in a homo-
glycan containing different linkages and for establishing the order of sugar 
residues in a heteroglycan. 

Establishment of the stereoconfiguration of the glycosidic bond is more 
complicated. Specific a- and 0-glycosidase enzymes have been used with 
considerable success, and application of infrared spectrophotometry seems 
to be useful (88). In the latter method the presence of a-linked D-glucose 

85. J. C. Rankin and A. Jeanes, / . Am. Chem. Soc. 76, 4435 (1954). 
86. J. J. Conell, E. L. Hirst, and E. G. V. Percival, / . Chem. Soc. p. 3494 (1950). 
87. J. W. Sloan, B. H. Alexander, R. L. Lohmar, I. A. Wolff, and C. E. Rist, / . Am. 

Chem. Soc. 76, 4429 (1954). 
88. S. A. Barker, E. J. Bourne, M. Stacey, and D. H. Whiffen, J. Chem. Soc. p. 171 

(1954). 
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units is said to be indicated by an absorption peak at 844 db 8 cm.-1, 
whereas 0-linked residues are said to absorb at 891 ± 7 cm.-1. In the case 
of a-glucans it may also be possible to determine the position of linkages 
by their characteristic absorption peaks. 

Type of a-glucan linkage 

1 - » 2 
1 ->3 
1 ->4 
1 ^ 6 

Absorption (cm.""1) 

Not determined 
793 ± 3 
930 ± 4:758 =fc 2 
917 ± 2:768 ± 1 

C. MOLECULAR SIZE AND SHAPE (88a) 

Determination of molecular weights is possible by a variety of methods. 
Association of the molecules in solution gives rise to complications which 
may be minimized by the use of suitable solvents, low concentrations, and 
extrapolating data to infinite dilution. Since all polysaccharides possess a 
molecular-weight distribution, it is the average molecular weight which is 
usually measured. Physical and chemical methods based on osmotic pres-
sure, depression of freezing point, and end-group assay count the molecules 
and give a number-average molecular weight, whereas light scattering and 
certain types of sedimentation methods give a weight average. In addition, 
sedimentation data give a Z-average molecular weight (89) and viscosity 
measurements a viscosity-average molecular weight (40). These may be 
defined as: 

Σ(η,ΑΓί) 
Number-average, Af» = 

Weight-average, Mw = 

Z-average, Mz = 

Viscosity-average, Mv 

Σ(η{Μ*) 

Σ(η<Μ<») 
Σ(η*ΜΛ 

L Σ(η{Μ<) J 
where n< is the number of molecules of molecular weight Mi, and β is a 
constant equal to unity if Staudinger's law is obeyed. 

MJMW is a measure of the heterogeneity of the polysaccharide. For a 
perfectly homogeneous polymer the ratio would be unity, but the value 

88a. See C. T. Greenwood, Advances in Carbohydrate Chem. 7, 289 (1952). 
89. W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc. 67, 1369 (1935); I. Jul-

lander, Arkiv. Kemi Mineral Geol. 21A, No. 8 (1945). 
40. P. J. Flory, J. Am. Chem. Soc. 65, 372 (1943). 
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decreases as the heterogeneity of the polymer increases. Molecular weights 
determined by equilibrium methods, such as by osmotic pressure, are 
independent of the shape and flexibility of the molecule. On the other 
hand, kinetic measurements (as for example, determinations of viscosity), 
which are based on the properties of molecules in motion, may give rise 
to information concerning the shape and flexibility of the molecules. 

a. Osmotic Pressure (2a, 2b) 

Molecular weights of polysaccharides may be determined by measuring 
the osmotic pressure of dilute solutions. The osmotic pressure at infinite 
dilution, obtained by extrapolating a number of measurements at various 
low concentrations, is a function of the molecular weight as shown by the 
modified van't Hoff formula. 

7Γ » cRT/M + Bcn 

where π is the osmotic pressure in grams per cm.2, c is the concentration 
of solute in grams per ml., M is the gram-molecular weight, B and n are 
constants, T is the absolute temperature, and R the gas constant. This 
method is limited to polysaccharides with molecular weights in the range 
10,000 to 500,000 owing to diffusion through the membrane of molecules 
with molecular weights lower than 10,000, and to the small pressures 
produced by molecules with a molecular weight greater than 500,000. 

b. Sedimentation Velocity (2, 2a, 2b) 

A solution of macromolecules, when subjected to centrifugal forces many 
times greater than gravity, undergoes sedimentation in the plane of rota-
tion. Disturbing effects caused by convection currents are minimized by 
the use of correctly shaped cells. The velocity of sedimentation is followed 
by observing the changes of light absorption or refractive index. By the 
use of high angular velocities, initial sedimentation may occur without 
diffusion effects becoming important. Solutions of homogeneous molecules 
produce sharp sedimentation boundaries, whereas a mixture of several 
components differing appreciably in average molecular weight will give 
separate boundaries for each component. However, if the individual molec-
ular weights of a mixture of polymers spread over a wide range, a diffuse 
boundary occurs and the derived molecular weights will be only an approxi-
mation. Measurement of the position of the boundary at various times 
gives the velocity of sedimentation from which, by dividing it by the centrif-
ugal acceleration, is obtained the sedimentation constant (£). This constant 
extrapolated to zero concentration at standard conditions is S0. The molec-
ular weight is derived from the equation: 

« SpRT 
~ Z>„(1 - VP) 



X I I . POLYSACCHARIDES: PART I 657 

where V is the partial specific volume of the solute, p is the density of the 
solution, So is the sedimentation constant at zero concentration and stand-
ard conditions, and D0 is the diffusion constant. 

The diffusion constant is independently evaluated by observing the 
changes in concentration of a solution in a stationary tube as the solute 
diffuses into pure solvent with which the solution forms a liquid boundary. 
From this can be calculated the molar frictional coefficient ( / ) . 

E T B MQ. - Vp) 
f Do So 

By comparison of the value with that calculated for a spherical particle of 
the same weight and density, information may be obtained as to the 
polymer's molecular configuration. 

c. Sedimentation Equilibrium (2, 2a, 2b) 

Smaller centrifugal forces are required for this method, but several days 
of continuous running are necessary to reach an equilibrium between 
sedimentation and diffusion. The molecular weight is calculated from the 
equation: 

_ 2RT In (C2/d) 

(1 - Vp)o>Kx22 - Xi2) 

where the terms have the same meaning as above, cx and c2 are the concen-
trations of solute at distances Xi and xi, respectively, from the axis of 
rotation, and ω is the angular velocity. If the plot of c against x2 deviates 
from a straight line, the polymer is heterogeneous. Measurement of the 
concentration by fight absorption gives the weight-average molecular 
weight, whereas refractive methods give the Z-average molecular weight. 

d. Viscosity (2a, 2b) 

The viscosity of a solution increases with the molecular weight of the 
solute. By making measurements on solutions of low concentrations, 
Staudinger derived the following empirical equation: 

Vap = KMc or ^ = KM 
c 

where 

^solution n 
Vsp = 1 = Vr — 1 

^solvent 

V»P = specific viscosity, K = constant for a particular homologous series, 
η, = relative viscosity, M = molecular weight of solute, c = concentration 
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of solute. The constant K shows reasonable constancy for a given homol-
ogous series but varies for different series, temperatures, and solvents. The 

reduced viscosity f — J varies with the concentration, and more accurate 

results are obtained if the intrinsic viscosity [η] is used. This term is ob-
tained by extrapolating the reduced viscosity to infinite dilution. 

Originally the value of K for a particular series was derived by studying 
several lower members of the series. However, the value obtained did not 
hold for higher members and considerable error was introduced. A more 
desirable method is to evaluate the constant with the use of members of 
the series whose molecular weights have been obtained by osmotic pressure 
or ultracentrifuge methods. The more convenient viscosity method is 
thereafter used for determining the molecular weights of other members 
of the same series. 

Deviation from Staudinger's equation occurs for molecular weights 
above 10,000, and a modified equation has been introduced: 

fol = KMa 

The constant a appears to be a function of the shape and solvation of the 
molecules. Theoretical calculations predict a to be 0.5 for a matted coil, 
1.0 for a randomly linked chain, and 2.0 for a stiff chain. Experimental 
values vary from 0.53 for polystyrene in butanone to 1.5 for amylose in 
ethylenediamine. For polymers of molecular weight 100,000 to 1,000,000, 
the equation is further modified to give 

M - KxM
a - KM* 

where K2 <C K\ and is significant only for large molecules. 

e. Light Scattering (2a, 2b) 

A beam of light on passage through a solution is partially scattered. This 
is due mainly to the radiation of light by loosely bound electrons of the 
solute molecules. The amount of light scattered by each particle is depend-
ent on its particle size and may be related to the molecular weight by the 
equation: 

He 1 2Bc 

T " M + RT 

where 

„ 32rW (μ - μοY 
H = ϋΫλΓ V ~ V 7 

c = concentration μο = refractive index of solvent 
r = turbidity, defined by I/Io — e~rl μ — refractive index of solution 
M = molecular weight (above) λ = wavelength of light 
B = constant, identical with that of the N = Avogadro's number 

modified van't Hoff equation 
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This equation only holds when the particle size is less than 3^o of the 
wavelength of the primary light. With particles greater than this critical 
size (e.g., a glucan with a D.P. greater than 50-60), scattering takes place 
from more than one point of the molecule to give interference and a dis-
symmetry in the angular distribution of scattered light. Dissymmetry is 
measured by comparing the scattered light intensity at two angles sym-
metrical to the 90° position. If the molecular configuration is known, a 
correction factor for the measured turbidity may be obtained and the 
molecular weight obtained. 

/ . Streaming Birefringence (2a, 2b) 

In a solution subjected to a velocity gradient, there is a tendency for 
the particles to align themselves with their long axis parallel to the direc-
tion of flow. This results in a difference of refractive index in two directions 
at right angles. Although it is possible to obtain the molecular weight of 
polymers by the difference between the two refractive indices, streaming-
birefringence measurements are more often used to obtain information on 
molecular shape. The apparatus for producing the velocity gradient con-
sists of two concentric cylinders, one being*stationary while the other 
rotates. 

g. Other Methods 

Cryoscopic methods for determination of molecular weights of high 
polymers are of no practical value because of the small depression of tem-
perature, the sensitiveness of the measurements to low-molecular-weight 
impurities, and the tendency of the solute molecules to associate. Ultrafil-
tration through membranes of known pore size and various adaptations 
of the isopiestic method have been described but they are of limited applica-
tion. 

3. PHYTOPOLYSACCHARIDES (PHYTOGLYCANS) 

A. PLANT CELL WALLS 

Polysaccharides are components of almost all living things. They are 
present in greatest quantity in the higher orders of plants where they 
constitute approximately three-quarters of the dry weight. The majority 
of plant polysaccharides are components of the cell walls. In a typical tissue 
from either an annual or perennial plant, the cell walls consist of three 
morphologically distinct layers; namely, the intercellular cement, or middle 
lamella, the primary wall, and the secondary wall, as shown (41) in Fig. 2. 

The middle lamella or intercellular layer contains cellulose, xylans, 
uronic acid - containing polysaccharides, and sometimes a mannan. Poly-

pi. From H. W. Giertz, World Paper Trade Rev. 138, 1451 (1952). 
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Side view—walls cut away. Transverse section 

0. Middle lamella; 1. Primary or cam- 2. Secondary wall: outer layer; 3. Sec-
bial wall ondary wall: middle layer; 4. Secondary 

wall: inner spiral layer 

FIG. 2. Cell wall and intercellular layer 

saccharides composed of pentose sugar units are the most prevalent but 
still constitute less than 15% of the layer. The most abundant middle 
lamellar substance is lignin which constitutes more than 70 % of the layer. 
Lignin (/ft) is a three-dimensional, or net, plastic which is rich in aromatic 
rings and contains such groups as methoxyl, aromatic and aliphatic hy-
droxyls, and several types of unsaturation. The material may be a polymer 
in which the basic unit is a phenylpropyl radical: 

4 ^—CH2—CH2—CH2— 

The origin of lignin is not known. One hypothesis is that in the aging tissue 
lignin is built up directly from simple sugars such as sucrose (43, 44)- Its 
postulated formation from pectin or other polysaccharides has never been 
experimentally verified. (See also p. 548). 

The primary wall is a continuous, fairly pliable membrane forming the 
outside surface of the plant cell. I t is about 0.5 micron in thickness and, 
thus, is only a small part of the cell. I t is heavily lignified but is predomi-
nantly carbohydrate, with pectin, uronic acid - containing polysaccharides, 
and xylan or mannan in abundance and with cellulose in lesser amounts. 
For the most part the very long cellulose molecules are grouped into many 
fine threads (Fig. 3) which form a meshlike but coherent arrangement. 
They are intricately woven and mixed with the other polysaccharides, 

42. F. E. Brauns, "The Chemistry of Lignin." Academic Press, New York, 1952. 
48. M. Phillips and M. J. Gross, J. Agr. Research 51, 301 (1935). 
44- M. Phillips, M. J. Gross, B. L. Davis, and H. Stevens, J. Agr. Research 59, 

319 (1939). 
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FIG. 3. Cellulose threads from Swedish spruce {45) 

lignin, protein, organic extractives (tannins, terpenes, alkaloids, fats, 
sterols, and other substances removable from the plant tissue by hot 
ethanol and benzene), and inorganic salts. The primary wall expands as 
the cell grows, but with the attainment of final cell size the primary wall 
may further thicken with the deposition of cellulose to form a laminated 
structure. In most seeds and many other organs the wall may attain con-
siderable thickness and may contain large amounts of xylan, pectin, and 
uronic acid containing polysaccharides. 

Fibrous and other highly differentiated cells, after their mature size and 
shape are fully attained, undergo formation of a massive inner or secondary 
wall. In a few instances, the wall is of a compound nature such as that 
shown in Fig. 2. Cellulose is the principal component of the secondary 
wall, but there is present in small amount the other components found 
in the primary wall. Especially in wood fibers, the secondary wall consists 
of three layers with the center layer the most massive. From superficial 

45. B. G. Rânby, Svensk Papperstidn. 55, 115 (1952). 
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examination, the massive center secondary wall may appear homogeneous. 
Closer inspection shows that it consists of a number of very thin concentric 
lamellae which in turn consist mainly of closely packed cellulose threads 
arranged more or less parallel and wound at a spiral angle around the fiber 
axis. Alternate layers are wound in opposite directions and in different 
spiral angles. 

The major nonprotein fibers of commerce—cotton, wood, ramie, flax, 
hemp, and jute—are all cellulosic fibers. They differ in the amount of 
lignin, the degree of polymerization and crystallinity of the polysaccharides, 
and the shape of the fiber (see next section). 

a. Cellulose (46, 47) 

The individual threads making up the concentric lamellae or ultra-small 
layers in the cell wall have a diameter of about 77 A. in wood and about 
88 A. in cotton (48). The tiny threads constituting the bulk of the cell 
wall consist predominantly of cellulose molecules which are themselves 
threadlike. The molecules are chains of D-glucose units linked uniformly 
by 1—>4 ß-D-glycosidic bonds. 

In undegraded molecules of cotton cellulose some 3000 or more D-glucose 
units may be combined to form a chain with an extended length of 15,700 
A. and upward but with a cross-section of only about 4 A. X 8 A. These 
very long thin molecules can be coiled and twisted in numerous ways, but, 
because of the spacial arrangement between D-glucose units produced by 
the ß-D-1—>4 linkage, the chain is somewhat stiff and tends to remain more 
or less extended. An additional contribution to rigidity may be made by 
hydrogen-bonding between the oxygen atoms attached to carbon atoms 6 
and 2 of the adjacent glucose residues. During their biosynthesis in the 
plant, the chains are grouped together to form the strings or threads 
visible with the electron microscope. 

As the cellulose molecules are laid together, there are places where they 
are woven amongst each other in a random fashion, whereas a little farther 
on they are fitted together in perfectly ordered, crystalline arrangment. 
The tiny threads are, therefore, composed mainly of cellulose molecules 
lying roughly parallel but with disordered or amorphous regions mixed 
with ordered or crystalline regions. On X-ray analysis a pattern is obtained 
which shows definite arcs from the crystalline regions and a halo from the 
amorphous regions. The appearance of arcs demonstrates that the crystal-

46. See E. Ott, H. M. Spurlin, and M. W. Grafflin, eds., "Cellulose and Cellulose 
Derivatives." Interscience, New York, 1954. 

47. See: L. E. Wise and E. C. Jahn, eds, "Wood Chemistry," 2nd ed. Reinhold, 
New York, 1952; A. G. Norman, "The Biochemistry of Cellulose, the Polyuronides, 
Lignin &c." Oxford U. P., New York, 1937. 

A8. B. G. Rânby, Ph.D Dissertation, Uppsala, 1952. 
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line regions are more or less oriented along the long axis of the plant cells. 
In the crystalline regions, the chains are directed alternately with "heads," 
in opposite directions. The dimensions of the unit cell are 10.3 A. in the 
linear chain direction and 8.35 Â. and 7.9 A. in the other directions. The 
unit cell has a length of two D-glucose units or one cellobiose unit. 

The mixture of crystalline and amorphous regions give plant fibers their 
noteworthy physical properties. Within the crystalline regions, the closely 
packed chains are held together by numerous secondary forces, especially 
van der Waals' (ca. 8000 cal. per mole glucose unit) and hydrogen bonds 
(ca. 15,000 cal. per mole glucose unit). Although each individual hydrogen 
bond is relatively weak, three such bonds theoretically are possible per 
glucose unit. In the chain directions, primary valence forces hold the 
molecule together, the weakest being the carbon-oxygen glucosidic bonds 
with energies of the order of 50,000 cal. per mole. Plant fibers are conse-
quently immensely strong with the tensile strengths of high grade steel. 
Even so, the strength of cellulose fibers can be increased by mercerization 
(treatment with caustic) under tension, a process which causes a reorienta-
tion of the chains toward each other. 

The secondary bonding forces exert a peculiarly important influence on 
the reactions of cellulose. Because of the relative stiffness and the dense, 
tightly bound crystalline regions of cellulose fibers, they can be dissolved 
only by very energetic solvents, such as cuprammonium solution (copper 
hydroxide in ammonium hydroxide), which forms a soluble complex with 
cellulose, or acids such as 42 % hydrochloric acid, strong sulfuric or phos-
phoric acids. Other than in the amorphous regions, cellulose is not very 
reactive chemically because the reagent molecules only slowly penetrate 
the crystalline portions. However, under some conditions the crystalline 
areas can be entered and soluble ethers or esters prepared (see p. 691). 
Cellulose can be made more reactive by precipitation from solution in an 
amorphous form or by swelling with alkali or concentrated solutions of 
certain salts. A thread made by spinning cellulose as it is reprecipitated 
from solution in cuprammonium is known as cuprammonium rayon or 
"Bemberg." 

Cellulose is decomposed by cellulase enzymes found in germinating seeds, 
in fungal and bacterial extracts, and in the digestive juices of snails, Crus-
tacea, and certain fish {49). Enzymes for the utilization of cellulose by 
termites and ruminants are provided by the microflora of the digestive 
tracts. In the well-studied cases of cellulose decomposition, the initial 
degradation has been shown to be a hydrolytic cleavage of the cellulose 
chains, but further attack of the sugars by living organisms often leads 

49. See W. Pigman, in "The Enzymes" (J. B. Sumner and K. Myrbäck, eds.), Vol. 
I, part 2, p. 725. Academic Press, New York, 1952. 
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to carbon dioxide and acidic materials. Cotton, wood, and other native 
celluloses exhibit a much greater resistance to enzymic hydrolysis than 
swollen or regenerated celluloses. For this reason, it has been common to 
use treated celluloses for measurements of cellulase activity, since the 
sensitivity is greatly increased {49). Karrer used cuprammonium rayon; 
Pringsheim swelled filter paper with lithium chloride or calcium thio-
cyanate; Walseth used cotton linters swollen with phosphoric acid; and 
Helferich and Goerdeler chose cellophane. Soluble, partially substituted 
celluloses are also being used, although an additional problem is introduced 
in the effect of the substituent group. 

Enzymes, like acids, attack cellulose most rapidly in the amorphous 
areas and the reaction slows down as these areas are depleted. Striking 
differences, however, are observed in the courses of the degradations. A 
considerable portion of the cellulose sample can be degraded by enzymes 
to soluble fragments with the retention of a relatively high degree of poly-
merization. For example, Walseth {50) found that the degree of polymeri-
zation of a swollen cotton cellulose was reduced by enzymes only to about 
1000 although there was a 38 % loss of weight. The same sample was re-
duced by acid to a degree of polymerization of 80 with only an 8.3 % loss 
of weight. The attack of each reactant is restricted to accessible areas. 
Presumably, the smaller molecules (the acid) can penetrate deeper into 
the cellulose structure. Another dramatic demonstration of the nature of 
enzymic attack is available in the attack of cotton cloth by mildew. A 
cotton cloth subjected to the action of the fungus Chaetomium globosum 
did not show a decrease in cuprammonium fluidity (a measure of D.P.), 
although a loss of 80% of its tensile strength occurred {49). In either case, 
the solubilized portion is rapidly converted to glucose or, in some cases 
with enzymes, to cellobiose: 

Cellulose — > Cellodextrins —> Cellobiose — > D-Glucose 

With crude enzymes from Aspergillus niger under optimal conditions (for 
this enzyme, pH 4.5 at 47°C), Walseth {50) was able to degrade a particu-
larly reactive cellulose (preswollen with phosphoric acid) to the extent of 
95 % and to account for the loss of weight as D-glucose (by reducing-sugar 
determinations). 

During the reaction brought about by some enzymes which have been 
separated from the crude extracts by fractional precipitation or by Chroma-
tographie adsorption, cellobiose rather than glucose accumulates {49, 51). 

60. C. S. Walseth, Tappi 35, 228, 233 (1952). 
61. D. R. Whitaker, Arch. Biochem. and Biophys. 43, 253 (1953); R. L. Whistler 

and C. L. Smart, J. Am. Chem. Soc. 76, 1916 (1953); K. Nisizawa and T. Kotayaski, 
J. Agr. Chem. Soc. Japan 27, 239 (1953) ; P. Kooiman, P. A. Roelofsen, and S. Sweeris, 
Enzymologia 16, 237 (1953). 
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Hence, the presence of glucose as the final product arises in some instances 
from the presence of a cellobiase, distinct from the cellulase, in the crude 
preparation. Evidence has been offered also for a random attack at any 
position in the chain rather than a splitting-off of successive small units 
from the end of the chains {52). Reese and co-workers (58) suggest that 
several enzymes take part in the degradation, the first of which is demon-
strated, in the case of cotton, by its ability to attack the primary wall and, 
thus, to make the cellulose chains more available to hydrolytic attack (54). 

In the decomposition of wood by enzymes, the reaction may proceed as 
an attack on the lignin or on the carbohydrate fraction. The so-called 
"white rots" of wood are believed to arise from fungal attack mainly on 
the lignin component, whereas the "brown rots" may result when the 
principal attack takes place on the carbohydrate fraction (49, 55). 

b. Hemicelluloses and Other Cell-Wall Polysaccharides (46) 

Interlaced with cellulose in the primary and secondary walls are a num-
ber of other polysaccharides. Most of them are more soluble than cellulose 
even though they are held in the complex cellulose matrix by abundant 
secondary forces and by mechanical entanglements and entrapments. 
Polysaccharides extractable from the cell walls by alkaline solutions, such 
as 17.5% sodium hydroxide solution, are called hemicelluloses. (Cellulose 
is swollen, but not dissolved, by strong alkali.) The name hemicellulose 
was proposed in 1891 by Schulze (56), who was examining products ex-
tracted from leguminous seeds, brans, and green tissues. It was assumed 
that the easily extractable polysaccharides were destined for conversion 
to cellulose, and, thus, the name hemicellulose seemed appropriate. Today 
it is known that these polysaccharides are not precursors of cellulose. They 
are a group of unrelated polysaccharides which vary in amount and kind 
from plant to plant and even from tissue to tissue within the same plant. 
They consist of acidic and neutral molecules, some of low molecular weight 
and some of such high molecular weight that they are not easily extracted 
by strongly alkaline solutions. It is perhaps unfortunate that such a di-

52. See B. Norkrans, Physiol. Plantarum 3,75 (1950) ; Symbolae Botan. Upsalienses 
11, 1 (1950); J. H. Hash and K. W. King, Science 120, 1033 (1954). 

58. E. T. Reese and W. Gilligan, Textile Research J. 24,663 (1954) ; W. Gilligan and 
E. T. Reese, Can. J. Microbiol. 1, 90 (1954) ; E. T. Reese and H. S. Levinson, Physiol. 
Plantarum 5, 345 (1952); E. T. Reese, W. Gilligan, and B. Norkrans, Physiol. Plan-
tarum 5, 379 (1952) ; H. S. Levinson, G. R. Mandels, and E. T. Reese, Arch. Biochem. 
and Biophys. 31, 351 (1951). 

64. See also: P. B. Marsh, K. Bollenbacher, M. L. Butler, and L. R. Guthrie, 
Textile Research J. 23, 878 (1953). 

65. See: G. Fâhraeus, R. Nilsson, and G. Nilsson, Svensk Botan. Tidskr. 43, 343 
(1949). 

56. E. Schulze, Ber. 24, 2277 (1891); Z. physiol. Chem. 16, 387 (1892). 
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TABLE II 
PARTIAL ANALYSIS OF SOME WOODS AND PLANT TISSUES (1) 

Tissue 

Pine (Western yellow and white) 
Yellow cedar 
Redwood 
White spruce 
Mesquite 
Hickory 
Wheat straw 
Corn stalk 
Cottonseed hulls 
Cotton fiber 

Cellulose 

(%) 

58 
54 
48 
53 
46 
56 
48 
40 
35 
98 

Pentosan (%) 

7 
8 
8 
12 
14 
19 
27 
26 
21 
<0.5 

Lignin (%) 

27 
31 
34 
28 
31 
23 
18 
16 
17 
0 

vergent mixture of polysaccharides are classified together, and it is entirely 
likely that the term hemicellulose will eventually be dropped, particularly 
once the individual polysaccharides are isolated and clearly identified. 

Some of the pentosans from wastes which accumulate in the processing 
of agricultural products are converted by acids to furfural, a raw material 
of increasing industrial value and interest. These and other waste hemi-
celluloses such as those obtained from the pulping of wood represents a 
rich, almost untapped, source of raw material, much of which could be 
converted from a nuisance to a source of profit. (See also p. 799.) 

Xylans. By far the most abundant polysaccharides in the hemicellulose 
group are the xylans (hemicellulose-A). These pentosans are composed 
either entirely or almost entirely of D-xylose units. Several types of xylans 
are extractable from different plant sources. Some are linear molecules, 
some contain one or more branches, and in some are combined one or 
more L-arabinose or D-glucuronic acid units. Xylans occur in practically 
all land plants and are present in some marine algae (57, 58). They are 
most abundant in annual crops, particularly in agricultural residues such 
as corncobs, corn stalks, grain hulls, and stems. Here they occur in amounts 
ranging from 15 to 30%. Hardwoods contain 20 to 25% xylans whereas 
softwoods contain 7 to 12 %. Spring wood has more pentosan than summer 
wood. Since xylans are the most abundant of the pentosans, their distribu-
tion is indicated by pentosan analysis. Although cellulose, pentosans, and 
lignin are the most abundant substances in plants, their relative amounts 
vary greatly from one plant tissue to another (Table II). 

Xylan is precipitated on neutralization of an alkaline plant extract. 

57. V. C. Barry and T. Dillon, Nature 146, 620 (1940). 
58. E. G. V. Percival and S. K. Chanda, Nature 166, 787 (1950). 
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Purification is attained by redissolution in dilute sodium or potassium 
hydroxide solution and reprecipitation by addition of acid to pH 4.2 or of 
cold Fehling's solution. To avoid difficulties with lignin a delignified plant 
material is usually used for the initial alkaline extraction. After purification 
in this manner, the xylans are obtained as amorphous powders. However, 
Yundt (59) was able to obtain the xylans from barley straw and birch 
holocellulose in crystalline form after a mild degradation produced by 
autoclaving for 4 hours at 120° and pH 4.O. The crystalline polymers had 
a degree of polymerization of 35 to 39 (by end-group assay and by the 
osmotic pressure of a chloroform solution of the methyl derivative). Dry 
crystals showed double refraction and sharp X-ray diffraction patterns. 
Moist crystals (10 to 15 % water) showed less sharp maxima and increased 
spacings, indicative of a distortion of the crystal lattices by a penetration 
of water molecules. Molar rotational shifts in the optical activity of cupram-
monium solutions (after the method of Reeves) indicated that the polymers 
were essentially 1^4'-/3-linked xylopyranose units. These crystalline 
xylans are hydrolyzed rapidly although incompletely by the enzymes of 
Aspergillus niger. The ultimate degree of hydrolysis depends upon the 
method used for the dispersion of the xylan. Rétrogradation similar to 
that of the amylose of starch was noted. 

From corncobs also, a xylan (60, 61) is obtained which is a linear chain 
of D-xylopyranose units connected by β-D-l—Λ bonds: 

Η,ΟΗ 

Thus, the molecule is identical in construction to cellulose with the excep-
tions that each ring unit lacks a projecting primary alcohol group and the 
molecular weight is low, not exceeding 30,000 (200 sugar units). The en-
zymes from Aspergillus foetidus have been separated into three components: 
one hydrolyzes corncob xylan primarily to xylobiose with no production 
of xylose; another hydrofyzes the xylan and xylooligosaccharides to D-xy-
lose without the production of significant amounts of transient oligosac-
charides; and a third hydrolyzes the xylan to a mixture of D-xylose and 
xylooligosaccharides (62). 

59. A. P. Yundt, Tappi 34, 89, 91, 92 (1951); see also C. T. Bishop, Can. J. Chem. 
33,793 (1953). 

60. R. L. Whistler, J. Bachrach, and D. R. Bowman, Arch. Biochem. 19, 25 (1948). 
61. R. L. Whistler and C. C. Tu, J. Am. Chem. Soc. 74, 3609 (1952) ; 75, 645 (1953). 
62. R. L. Whistler and E. Masak, Jr., / . Am. Chem. Soc. 77, 1241 (1955). 
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A xylan from esparto grass {68, 64) is a singly branched chain of about 
75 D-xylopyranose units linked /3-D- 1—»4 in the main chain but with a 1—»3 
link at the point of branching. From the cell wall of pear wood, another 
similarly single-branched xylan is obtained which has about 115 D-xylo-
pyranose units, but it contains, in addition, a terminal D-glucopyranosyl-
uronic acid unit at one point {65). The xylan from the red seaweed {57,58) 
Rhodymenia palmata seems to be composed only of D-xylopyranose units 

Η,ΟΗ 

(I) 2-0-(4-0-Methyl-a-D-glucopyranosyluronic acid)-D-xylose (66) 

H 

H r M 

x
 Ή,ΟΗ 

(ID 
H OH 

(II) 2-0-(a-D-Glucopyranosyluronic acid)-D-xylose (67) 

C02H 

ίΗ,ΟΗ 

(III) 4-0-(a-D-Glucopyranosyluronic acid) -D-xylose (67) 

68. S. K. Chanda, E. L. Hirst, J. K. N. Jones, and E. G. V. Percival, / . Chem. 
Soc. p. 1289 (1950). 

64. S. K. Chanda, E. E. Percival, and E. G. V. Percival, J. Chem. Soc. p. 260 
(1952). 

65. S. K. Chanda, E. L. Hirst, and E. G. V. Percival, J. Chem. Soc. p. 1240 (1951). 
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\ V .0 H OH 

H OH 

(IV) 

(IV) 3-0-(a-D-Glucopyranosyluronic acid)-D-xylose (65, 68) 

but has 1—>3 and 1—>4 linkages in the ratio of about 1:3. A xylan from 
wheat straw may be a chain of about 40 D-xylopyranose units to which are 
attached about 5 L-arabofuranose units and 3 D-glucuronic acid units (69). 
A polysaccharide extractable by water from wheat flour appears to be a 
chain of D-xylopyranose units linked by 0-D-1—>4 links with single L-arabo-
furanose units substituted along the chain and joined by 1—>2 and 1—>3 
links (70). The L-arabinose and D-xylose units are present in the ratio of 3:5. 

Acidic Hemicelluloses. After xylans are precipitated from an alkaline 
plant extract by neutralization, there remains dissolved a group of low-
molecular-weight acidic polysaccharides. The acidic nature results from 
D-glucuronic acid units. Although the structures of these hemicelluloses 
(hemicellulose-B) are not fully known, it is apparent that D-glucuronic acid 
units are connected in a variety of ways to chains of D-xylopyranose units. 
The disaccharides (aldobiouronic acids) shown in formulas (I) to (IV) were 
isolated by partial acid hydrolysis of the hemicellulose and show the varied 
nature of the linkages which connect the D-glucuronic acid to the chain as a 
terminal unit. Sometimes the uronic acid unit is methylated, with 
the methyl ether group always at C-4. (For a further listing see Chapter VI.) 

Mannans. A variety of other polysaccharides may occur in the cell walls 
of land plants. Among these are mannans, galactans, and pectic substances. 
In general, softwoods contain approximately 11% combined D-mannose, 
whereas hardwoods contain only about 1 %. A linear mannan is also the 
chief constituent of the thickened cell walls of palm seeds, where it occurs 
as a food reserve and disappears on germination. A rich source is the endo-
sperm of the tagua palm which is known as vegetable ivory and from which 
buttons have been made. This mannan is a linear chain of D-mannopyranose 

66. R. L. Whistler, H. E. Conrad, and L. Hough, J. Am. Chem. Soc. 76,1668 (1954). 
67. R. L. Whistler and L. Hough, / . Am. Chem. Soc. 75, 4918 (1953). 
68. G. A. Adams, Can. J. Chem. 30, 698 (1952); C. T. Bishop, ibid. 31, 134 (1953). 
69. G. A. Adams and A. E. Castagne, Can. J. Chem. 29, 109 (1951). 
70. A. S. Perlin, Cereal Chem. 28, 382 (1951). 
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units linked by β~1—Λ bonds (71): 

CHoOH 

Η,ΟΗ 

CH2OH 

A similar substance (72, 73) found in the tubers of orchids is salep man-
nan. Yet another similar, though perhaps slightly branched, mannan oc-
curs (74) abundantly in the red alga Porphyra umbilicalis, a commercial 
seaweed harvested as a food in the British Isles, Hawaii, Japan, and else-
where. These mannans of higher plants are quite different from the highly 
branched mannan of yeast, known as yeast gum (76), which contains 1—>2, 
1—»3, and 1—>6 linkages. A mannan from Torula utilis grown on a synthetic 
medium containing D-glucose-1-C14 as the sole source of carbon showed no 
radioactivity (76). 

Pectic Substances (46, 77). An important group of substances commonly 
called pectins is found in the primary cell wall and intercellular layers of all 
land plants, and, in some ways, seems to correspond to the hyaluronic acid 
of the ground substance of much animal tissue. Because of the immense 
gelling power of pectic substances, they are widely used for the gelation of 
fruit juices to form jellies. 

The content of pectic substance in woody tissues is low because the vol-
ume of the pectic-containing layers is small. However, it occurs in fairly 
large amounts (10%) in the inner bark of black spruce (78). In soft tissues, 
like those of apple and other fruits devoid of secondary walls, the primary 
walls and middle lamella constitute a higher proportion of the total tissue, 
and the content of pectic substances is proportionately large. They are 
abundant in the rinds of citrus fruit, from which they are extracted as a 
by-product of citrus fruit production. Extraction is made usually with dilute 
hydrochloric acid solution. Crystalline salts of galacturonic acid have been 

71. F. Klages, Ann. 509, 159 (1934); 512, 185 (1934). 
72. H. Pringsheim and A. Genin, Z. physiol. Chem. 140, 299 (1924). 
78. F. Klages and R. Maurenbrecher, Ann. 535, 175 (1938). 
74. J. K. N. Jones, J. Chem. Soc. p. 3292 (1950). 
75. E. Salkowski, Ber. 27, 496 (1894); W. N. Haworth, R. L. Heath, and S. Peat, 

J. Chem. Soc. p. 833 (1941). 
76. J. C. Sowden, S. Frankel, B. H. Moore, and J. E. McClary, J. Biol. Chem. 

206, 547 (1954). 
77. See E. L. Hirst and J. K. N. Jones, Advances in Carbohydrate Chem. 2, 235 

(1946). 
78. W. Pigman, E. Anderson, and R. L. Leaf, Jr., J. Am. Chem. Soc. 70,432 (1948). 
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isolated after the action of enzymes both on the citrus and on the spruce 
pectins (78). 

Pectic substances are a mixture of three polysaccharides: a galactan, the 
methyl ester of a galacturonan, and an araban. The latter is of relatively 
low molecular weight and apparently is a chain of l—>5 linked a-L-arabo-
furanose units, half of which bear an additional 1—>3 linked a-L-arabo-
furanose residue as a one-unit side chain. The galactan seems to be a chain 
of some 120 D-galactopyranose units united to one another by 1—»4 ß-links. 
In part, the molecules are mechanically mixed, and in part they are com-
bined by primary links of unknown nature. Experimental evidence indicates 
that many of the prominent properties of pectin such as gelation, film for-
mation, and high viscosity are derived principally from the galacturonan 
chain and that araban and galactan act mainly as diluents. 

Pectins dispersed in water exist as negatively charged hydrophilic col-
loids stabilized by water layers held by the negative electrostatic fields. 
Addition of sugar decreases the stability of the pectin because the dehy-
drating action of the sugar disturbs the water bound to the pectin. Added 
hydrogen ions further upset the bonding by reducing the negative charge 
on the pectin. Consequently, a gel forms as a result of the tendency of aggre-
gations of pectin molecules to crystallize. The gel consists of a giant ramified 
network of partially associated, partially hydrated micella. A second type 
of gel is formed when calcium or other divalent ions are added, for they may 
cross-link chains through ionic linkages between carboxyl groups. 

The properties of pectic substances are altered by partial or complete 
demethylation, which increases the number of free carboxyl groups. Pectic 
acid is the completely demethylated galacturonan. It is a linear chain of 
1—>4 linked a-D-galactopyranosyluronic acid units. 

Pectic enzymes (79, 80) are divided into two general classes: pectases and 
pectinases. The pectases hydrolyze the methyl ester group, whereas the 
pectinases cleave glycosidic links. The chains are attacked randomly, but 
more than one enzyme system may be involved (81). For instance, purified 
yeast polygalacturonase depolymerizes pectic acid to galacturonic acid 
(16%) and di- and trigalacturonic acids, whereas fungal polygalacturonase 
converts the oligosaccharides to monomers (82). Polymethylgalacturonase 
hydrolyzes pectin to a mixture of polymeric products, the cleavage amount-
ing to about 26% of total hydrolysis. Similarly, an extracellular enzyme 

79. See Z. I. Kertesz, in "The Enzymes" (J. B. Sumner and K. Myrbäck, eds.) 
Vol. I, Part 2, p. 745. Academic Press, New York, 1951. 

80. W. W. Reid, J. Sc. Food Ayr. 1, 234 (1950). 
81. E. Schubert, Biochem. Z. 323, 78 (1952). 
82. B. S. Luh and H. J. Phaff, Arch. Biochem. and Biophys. 33, 212 (1951); H. J. 

PhafT and B. S. Luh, ibid. 36, 231 (1952). 
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from Neurospora crassa fragments pectin to a molecular weight of about 
4,000 (83). 

B. PLANT RESERVE FOODS 

Plants store polysaccharides as food reserve in all types of cell but pri-
marily in special storage cells or organs such as parenchymous cells or roots, 
tubers, and pith. The most important of these food reserves are starches, 
fructans, mannans, and galactomannans. The mannans are sometimes 
food reserves and sometimes structural material in the plant cell wall. In 
animals the chief reserve polysaccharide is glycogen, which in chemical 
structure is much like one of the components of starch (see Part II of this 
chapter.). 

a. Starches (84, 85) 

Within the protoplast of many plant cells are inclusions in the form of 
starch granules. These granules are the principal food reserves of plants 
and are, hence, most abundant in such storage organs as seeds, which may 
contain as much as 70% starch, and fruits, tubers, roots, and stem pith, 
which may contain as much as 30%. Starches are unique among the carbo-
hydrates in occurring as discrete granules, whose characteristics vary from 
one plant source to another. Canna and potato starches are among those 
with the largest granules whereas rice, buckwheat, and dasheen are repre-
sentative of the smaller granule types. In most granules there is a spot or 
intersection of two or more lines or creases (see Fig. 4). This point of inter-
section, termed the hilum, is sometimes surrounded by rings or onionlike 
laminated structures. In polarized light, granules are anisotropic, showing 
a dark cross which has its intersection at the hilum. 

Starches can be obtained from most plants by filtering the pulped or 
rough-ground plant on coarse cloth and centrifuging or settling the starch 
granules from the filtrate. They may be distinguished by an examination 
of the size and shape of the granules (Fig. 4), the temperatures at which 
they gelatinize in water, the rate of swelling in various solvents, the degree 
of isotropism evident in polarized light, and the extent to which they com-
bine with iodine. 

Starch granules are largely composed of carbohydrate but contain minor 
constituents, which may influence the properties of the granules. Cereal 
starches usually contain 0.5 to 1 % fatty acids. These acids are adsorbed on 

83. E. Roboz, R. W. Barrett, and E. L. Tatum, J. Biol. Chem. 195, 459 (1952). 
84. See R. W. Kerr, ed., "Chemistry and Industry of Starch," 2nd Ed. Academic 

Press, New York, 1950. 
85. See J. A. Radley, "Starch and its Derivatives." Chapman and Hall, London, 

1953. 
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the carbohydrate and may be completely removed by extraction with suit-
able organic solvents. Phosphorus in amounts of 0.01 to 0.2 % may also be 
present in starch granules. In corn, wheat, and rice starches, the phosphorus 
may be removed by extraction with warm water and alcohol and seems to 
be present as glycerol monophosphate. In other starches, such as potato, 
arrowroot, tapioca, and sago, the phosphorus is bound as esterified phos-
phate at carbon atom 6 of the various D-glucose units. 

FIG. 4. Microphotographs of starch granules (X 200) 
A. Corn starch. B. Potato starch. C. Wheat starch. D. Tapioca starch. 
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G H 

FIG. 4. (Continued) 
E. Rice starch. F. Waxy maize starch. G. Sweet potato starch. H. Tapioca starch 

in polarized light. (Reproduced from "Chemistry and Industry of Starch" (R. W. 
Kerr, ed.), 2nd ed. Academic Press, 1950.) 

Unmodified starch granules are insoluble in cold water. When their sus-
pension in water is heated, water is at first slowly and reversibly taken up 
and limited swelling occurs. Then, at a definite temperature, which is dis-
tinctive for different types of starch (64 to 71° for corn starch; 82 to 83° 
for sweet potato starch), the granules undergo irreversibly a sudden rapid 
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swelling and at the same time lose their birefringence. Because they swell 
to several hundred times their original volume, the viscosity of the sus-
pension increases greatly. A small amount of starch diffuses from the granule 
into the solution. As the temperature of the suspension is raised, the final 
phase of the reaction is indicated by a more rapid diffusion of starch from 
some granules and by a rupture of others, leaving numerous formless sacs 
which are presumed to be artifacts of the swelling process. 

The chief nonfood uses of starch depend on its ability to form pastes. 
Starch pastes are complicated colloidal systems, in which there are present 
not only highly swollen granules but free starch molecules, the empty gran-
ule sacs, and aggregates leached or spewed from the swollen granules. Be-
cause of the differences in the size and form of the granules, starches from 
different sources may vary greatly as to the type of paste which they pro-
duce even when they are of almost identical chemical composition. 

Starches also differ in their chemical composition. They are not single 
substances, but, except in rare instances, are mixtures of two structurally 
different polysaccbarides. One is a linear molecule termed amylose, and the 
other is a branched or bush-shaped structure termed amylopectin. Both are 
composed of D-glucopyranose units. In amylose 250 to 300 units are uni-
formly linked by 1—>4 α-glucosidic bonds, which tend to induce a spiraling 
of the molecule in a helix-like fashion. In amylopectin the majority of the 
units are connected 1—Λ with a-links, but there are 1—>6 a-glycosidic bonds 
(amounting to about 4 % of the total) at the branch points. The structure 
is a branch-on-branch arrangement of a thousand or more D-glucopyranose 
units similar to arrangement D shown in Fig. 1. There is an average of about 
one branch for approximately every 25 glucose units. The position 
of branching has been difficult to establish with certainty because of the 
low percentage of the 1—>6 links. The assignment of the 1—»6 position was 
made from methylation data. This linkage was confirmed later by the isola-
tion of a 1—>6 «-linked disaccharide, isomaltose, from enzymic hydrolyzates 
prepared under conditions such that enzymic synthesis was thought to be 
precluded (86). Isomaltose has also been isolated from acid hydrolyzates in 
amounts greater than were made by reversion in control experiments (87). 

Separation (88) of amylose and amylopectin can be made by adding to a 
hot starch dispersion certain agents such as butanol, nitropropane, nitro-
benzene, and thymol, which form a complex with amylose and cause it to 

86. E. M. Montgomery, F. B. Weakley, and G. E. Hilbert, J. Am. Chem. Soc. 69, 
2249 (1947); 71, 1682 (1949). 

87. M. L. Wolfrom, J. T. Tyree, T. T. Galkowski, and A. N. O'Neill, J. Am. Chem. 
Soc. 72, 1427 (1950); 73, 4927 (1951). 

88. T. J. Schoch, Cereal Chem. 18,121 (1941); E. J. Wilson, Jr., T. J. Schoch, and 
C. S. Hudson, J. Am. Chem. Soc. 65, 1320 (1943) ; R. L. Whistler and G. E. Hilbert, J. 
Am. Chem. Soc. 67, 1161 (1945). 
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precipitate in semicrystalline form. The amylose complex is collected by 
centrifugation, and the amylose is regenerated by washing with ethanol. 
Traces of residual amylose are removed from the amylopectin fractions 
by adsorption on cotton. 

The quantity of amylose may be determined in starches or other mixtures 
by a characteristic reaction with iodine. Amylose combines with iodine to 
form a deep-blue complex, which is responsible for the color of starch indi-
cators. Amylopectin solutions are colored blue-violet or purple. The in-
tensity of the amylose-iodine complex can be measured in a spectropho-
tometer, or titrimetric measurements can be made of the amount of iodine 
taken up in forming the amylose-iodine complex. 

Amylose chains differ from cellulose in that the 1—»4 glycosidic linkages 
are of the α-D- rather than of the ß-D-type. This difference is reflected in the 
tendency of amylose chains to coil in contrast to the linear extension of the 
chains in the cellulose model. Evidence indicates that a chair conformation 
(Cl, see Chapter I) is the usual conformation for glucopyranosides in cellu-
lose, sucrose, and many simple glycosides. However, steric hindrance occurs 
when attempts are made to join scale models of D-glucopyranose units 
through 1—>4 a-glycosidic links. Boat conformations Bl and 3B seem most 
likely from steric considerations. Only one of these (3B) has the hydroxyls 
projected at angles such that complexing with cuprammonium would be 
expected. Amylose, in contrast to cellulose, does not dissolve in cupram-
monium, but undergoes swelling. If it is dissolved in alkali, however, cu-
prammonium can be added with the formation of the clear deep-blue 
solution, typical of cuprammonium complexes. Reeves (89) has suggested 
that during the alkali treatment a change in ring conformation may take 
place, the change being from a mixture of Bl and 3B to all 3B, the ring 
conformation originally suggested by Freudenberg and Cramer. 

The majority of starches have nearly identical ratios of amylose to amylo-
pectin. The most prevalent composition—found in corn, wheat, arrowroot, 
potato starches, etc.—is 20 to 28 % amylose and 72 to 80 % amylopectin. 
So-called waxy or glutinous starches from waxy varieties of corn, sorghum, 
rice, barley, and millet contain only amylopectin, or if amylose is present 
it is so in amounts of not more than about 6%. On the other hand, a few 
starches, such as special mutant varieties of corn, are known that contain 
up to 65 to 77 % amylose (90). 

The relative amounts of amylose and amylopectin are significant in re-
lationship to the application of a starch. The two forms differ markedly 
with regard to enzymic cleavage (see below) and with regard to " rétrograda-
tion," a term applied to the reassociation which takes place between starch 

89. R. E. Reeves, J. Am. Chem. Soc. 76, 4595 (1954). 
90. G. M. Dunn, H. H. Kramer, and R. L. Whistler, Agronomy J. 45, 101 (1953). 
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molecules in solution. As rétrogradation takes place, starch solutions be-
come increasingly cloudy, increasingly resistant to enzyme action, and 
lower in viscosity. Finally, they undergo precipitation. Amylose molecules, 
because of their linear nature, can coalesce and, hence, retrograde much 
more readily than the branched or bush-shaped amylopectin molecules. 
Whole starches retrograde at an intermediate rate and differ from each 
other in various physical properties (91). Some of the* starches, such as 
white potato, sweet potato, and tapioca, undergo a partial fractionation 
by an initial preferential precipitation of amylose. Waxy corn starch, which 
is a low-molecular-weight amylopectin, retrogrades extremely slowly. 

Rétrogradation effects are encountered in industrial pastes as well as in 
the more familiar puddings and gravies. Rétrogradation may also be an 
important factor in the hardening of bread as it becomes stale. Anti-staling 
agents (92) used in dough mixes are rétrogradation inhibitors. 

Techniques for the separation of amylose and amylopectin have not 
been developed to commercial feasibility. Instead, selections and improve-
ments of the starch source are made. Waxy corn has been developed es-
pecially to provide a starch free of the difficulties, particularly rétrograda-
tion, caused by amylose. 

The physical properties of starch suspensions and starch gels may also 
be greatly altered by modifying the starch in a variety of ways such as by 
oxidation, by heating (partial pyrolysis), and by hydrolysis with acids or 
enzymes (93). When a loss of viscosity has been produced without disrup-
tion of granules, the products are "thin-boiling starches." More highly 
degraded starches are called dextrins and are without granule structure. 
The decrease in chain length is attended by increased solubility and, hence, 
a lowered speed of rétrogradation. Adhesiveness may also be improved. 
For Lintner soluble starch, the size of the molecule is decreased by a mild 
acid hydrolysis; for Zulkowsky starch, the modification is effected by heat-
ing the starch with glycerol at 190°. "British gums" or "Torréfaction dex-
trins" are produced by a high-temperature treatment. Oxidized starches 
and dextrins are discussed in more detail in a later section (p. 696). In the 
textile industry, starches and modified starches are employed for sizing 
yarns to protect them during the weaving operations, for sizing finished 
goods to improve appearance, and for thickening printing pastes. In paper 
manufacture, starch is added to the pulp in the beater to assist in hydration 
of the fibers and to cause them to adhere more closely; in addition, starches 
may be applied to finished sheets as a part of a surface coating generally 

91. R. L. Whistler and C. Johnson, Cereal Chem. 25, 418 (1948). 
92. E. C. Edelmann, W. H. Cathcart, and C. B. Berquist, Cereal Chem. 27,1 (1950) ; 

B. G. Carson, L. F. Marrett, and R. W. Selman, Cereal Chem. 27, 438 (1950). 
98. See W. W. Pigman, R. W. Kerr, and N. F. Schink, U. S. Patent, 2,609,326 (1952). 
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along with clay or other pigments. In box manufacturing, starch adhesives 
are widely used. 

The long linear chain structure of amylose is reflected in the film-forming 
properties of its acetate. Films prepared from acetylated whole starch and 
amylopectin are quite brittle, whereas those from butanol-precipitated 
amylose are similar to films from high-grade cellulose acetates (94). 

A little more than half of the starch consumed in the United States is 
degraded to low-molecular-weight compounds by acid hydrolysis. A high 
degree of conversion to D-glucose (dextrose) may be brought about and the 
crystalline sugar isolated, or the hydrolysis may be stopped at an earlier 
stage and the corn sirup marketed. Large quantities of these products find 
application in bakery products, jams, ice cream, jellies, and miscellaneous 
uses. 

In preparing derivatives of whole starch, the granules are reacted directly 
only at the risk of extensive degradation. Consequently, it is desirable to 
swell or disorganize the granules by some type of pretreatment employing 
either water, aqueous chloral hydrate, aqueous pyridine, formamide, or 
alkali. A readily reactive form of whole starches or of the components is 
obtained by precipitation of their aqueous solutions with ethanol. 

Much of the present concept of the structures of amylose and amylo-
pectin was arrived at through a study of the degradation of starch by en-
zymes (95). Starch enzymes are biologically important from their function 
of supplying carbohydrate for the metabolic needs of plants and animals. 
Amylases also have great industrial significance, for they are involved in 
the preparation of industrial and beverage alcohol from grains, in bread 
making, in the preparation of certain textile sizes, adhesives, etc., and in 
desizing operations. 

Liquefying (a-) amylases are found with great frequency in plants. The 
enzymes of the pancreas (pancreatic amylase or amylopsin), saliva (salivary 
amylase or ptyalin), and many bacteria have similar actions. The dormant 
grains usually are much richer in the saccharogenic (ß-) amylase than in 
the liquefying (a-) amylase. On germination, however, α-amylase increases 
rapidly during the early phases of growth. If both a- and ß-amylases are 
present in the seed during germination, the liquefying activity develops 
more rapidly than the saccharifying ability. The best sources of the sac-
charogenic enzymes are ungerminated soybeans, potatoes, rye, barley, and 
wheat, whereas malted preparations from sorghum, maize, and oats are 
said to contain only the liquefying amylase. It is possible to inactivate either 

94. R. L. Whistler and G. E. Hubert, Ind. Eng. Chem. 36, 796 (1944). 
96. For a review of the amylases, see K. Myrbäck and G. Neumüller in "The En-

zymes" (J. B. Sumner and K. Myrbäck, eds.), Vol. 1, Part 1, p. 653. Academic Press, 
New York, 1950. Several reviews are given in the Advances in Carbohydrate Chem. 
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of the enzyme types in a mixture with retention of the activity of the other. 
For example, malt α-amylase is rapidly inactivated by acids at room tem-
perature in contrast to malt ß-amylase, which is resistant to short acid 
treatments. On the other hand, malt ß-amylase is rapidly inactivated by 
heat at 70° while malt α-amylase is resistant to a short heat treatment at 
70°. The malt 0-amylase is more readily inactivated if calcium ions are 
added. 

Several of the amylases have been isolated in crystalline and apparently 
pure form. These include salivary, pancreatic, bacterial, and malt 
α-amylases and sweet potato ô-amylase (96). 

Amylases (also known as diastases) attack intact starch granules only 
with difficulty. A probable explanation is that the rate is slow because the 
reaction is heterogeneous in nature and because the granules are not pene-
trated by the enzyme. Consequently, it is generally the practice to gela-
tinize (cook) the starch before the addition of much if any of the enzyme. 
Industrially, the addition of a portion of malt or liquefying amylase during 
the cooking process may be advantageous to decrease the difficulty of han-
dling. 

The most readily demonstrated characteristics of the liquefying or 
α-amylases and the saccharifying or 0-amylases are signified by their names. 
The action of the liquefying enzyme consists of a fast phase and a slow 
phase. There is a very rapid drop in viscosity accompanied by a compara-
tively small increase in reducing power (formation of low-molecular-weight 
dextrins) and followed by a slow appearance of fermentable sugars. The 
name a was derived from the downward mutarotation of the products. The 
saccharifying or ß-amylases, on the other hand, cleave starch in such a 
manner as to increase the reducing power rapidly and to produce ferment-
able sugars with only a slow decrease in viscosity. The products from this 
reaction mutarotate upward. 

The high yields of maltose obtained by the action of 0-amylases on amy-
lose (97), which has a straight-chain structure, suggest that these enzymes 
act by a continuous process of cleavage of the maltose groups from the ends 
of the chain. Although short amylose-like chains consisting of four to eight 
D-glucose residues are readily converted to maltose, the ß-amylases do not 
hydrolyze maltotriose (98). Evidence that the maltose is cleaved from the 

96. A. K. Balls, R. R. Thompson, and M. K. Waiden, J. Biol. Chem. 163, 571 
(1946); A. K. Balls, M. K. Waiden, and R. R. Thompson, U. S. Patent, 2,496,261 
(1951); K. H. Meyer, E. H. Fischer, and P. Bernfeld, Experientia 3, 106, 455 (1947); 
S. Schwimmer and A. K. Balls, / . Biol. Chem. 179, 1063 (1949). 

97. K. H. Meyer, W. Brentano, and P. Bernfeld, Helv. Chim. Acta 23, 845 (1940); 
M. Samec, Z. physiol. Chem. 236, 103 (1935). 

98. K. Myrbäck and K. Ahlborg, Biochem. Z. 311, 213 (1942); M. A. Swanson, J. 
Biol. Chem. 172, 805 (1948). 
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nonreducing end is provided by the initially rapid cleavage of the highly 
branched amylopectin and also from the cleavage of amylose or its frag-
ments after oxidation of the aldehydo end group to carboxyl with hypo-
iodite (99). 

As shown above, the ß-amylases cannot cleave or by-pass the 1—»6 glu-
cosidic linkages of amylopectin or glycogen. There is an indication from 
their action that amylose also has links other than the 1—»4 a-glucosidic 
linkages (100). Whereas crude 0-amylase can completely degrade pure 
amylose if rétrogradation is avoided, purified 0-amylases (crystalline sweet 
potato and an amorphous soybean ß-amylase) are reported to degrade 
amylose fractions from several sources only to the extent of 70%. A ß-glu-
cosidase, "Z-enzyme," was obtained from the crude soybean amylase which 
was able to attack the anomalous links. 

The ß-amylases in the absence of the α-amylases are incapable of de-
grading whole starches completely. The hydrolysis proceeds rapidly until 
about 50 to 55 % of the theoretical amount of maltose is produced and then 
very slowly until a limit of about 61 to 68% is reached (101). The solution 
is still viscous and the residue, called a β-amylase limit dextrin, is unfer-
mentable. The limit dextrin arises from the inability of 0-amylase to act 
beyond a branch point in the randomly branched amylopectin molecule 
and may be envisaged as a pruned amylopectin structure. In the case of 
potato starch, the ß-limit dextrin includes all the associated phosphate. 
The limit dextrin contains one end group for every 10 to 12 D-glucose resi-
dues (102), in contrast to one in every 25 or 30 residues for the original 
amylopectin. The initial attack of ß-amylase on amylopectin is about 20 
times as fast as on amylose (108). Maltose in amounts of 53 to 62% of the 
theoretical have been reported from the action of ß-amylases on amylopec-
tins separated from various starches (104)- When the ß-limit dextrin is 
cleaved by acid hydrolysis or by the action of α-amylase, the structure is 
opened and new chain ends are made available which can be further acted 
upon by ô-amylase. 

In contrast to the saccharogenic enzymes, the liquefying enzymes are 

99. B. Bötenblad and K. Myrbäck, Biochem. Z. 307, 129 (1941;. 
100. S. Peat, S. J. Pirt, and W. J. Whelan, J. Chem. Soc. p. 705 (1952) ; S. Peat, S. 

J. Pirt, and W. J. Whelan, J. Chem. Soc. p. 714 (1952) ; S. Peat, G. J. Thomas, and W. 
J. Whelan, J. Chem. Soc. p. 722 (1952). 

101. W. W. Pigman, J. Research Natl. Bur. Standards 33, 105 (1944); J. Blom, A. 
Bak, and B. Braae, Z. physiol. Chem. 241, 273 (1936). 

102. K. H. Meyer, M. Wertheim, and P. Bernfeld, Helv. Chim. Ada 24, 212 (1941). 
10S. R. H. Hopkins and B. K. Jha, Biochem. J. 46, 319 (1950). 
104. J. E. Hodge, E. M. Montgomery, and G. E. Hilbert, Cereal Chem. 25, 19 

(1948); K. H. Meyer, P. Bernfeld, P. Rathgeb, and P. Gurtler, Helv. Chim. Acta 31, 
1536 (1948). 
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distinguished by the rapidity with which they decrease the viscosity of 
solutions and cause the formation of low-molecular-weight fragments or 
dextrins. They are of the first importance in most industrial processes em-
ploying amylases. Malt α-amylases and possibly other liquefying enzymes 
act by splitting the starch molecules to units of about six D-glucose residues 
in length. Although the enzyme is not able to hydrolyze 1—»6 links, it can 
by-pass them and also esterified phosphate. Hence, if 1—>6 linkages and 
esterified phosphate are present, they accumulate in the dextrins, which 
are the principal products in the early stage of the reaction. The initial hy-
drolysis is not confined to the outer branches, but the longer inner branches 
are attacked simultaneously {105). 

A considerable amount of maltose is formed by the extended action of 
liquefying enzymes. D-Glucose is also believed to be formed by some of the 
α-amylases. Malt α-amylase hydrolyzes starches to fermentable sugars in 
only about 90 % of the theoretical yield, but complete fermentation of the 
starch occurs if this malt enzyme and the yeast are allowed to work to-
gether (101). However, pancreas and Bacillus mesentericus emulsins appear 
to be incapable of converting starches completely to fermentable sugars 
even in the presence of yeasts. These crude enzyme preparations and also 
Aspergillus niger and A. oryzae enzymes have been shown to synthesize 
unfermentable substances from maltose (101,106). (See also Chapter IX), 

a-Amylases rapidly alter starch in such a way that the solution is no 
longer colored by iodine. This stage in the degradation is designated as the 
achroic point, and the reducing value calculated as maltose is termed the 
achroic R-value. In the case of malt α-amylase acting on starch, the achroic 
R-value is reached when about 7 % of the D-glucosidic linkages are hydro-
lyzed. At the achroic point the hydrolytic dextrins of starch resulting from 
the action of malt α-amylase are composed of 6 or 7 D-glucose units each 
(107). The time required for the starch to be hydrolyzed to the achroic 
point may be used as a measure of the enzyme activity (108). As the hy-
drolysis progresses toward the achroic point, the color of the solution with 
iodine changes rapidly from blue through violet to red-brown and finally 
through orange to deep yellow. 

Bacteria-free filtrates of Aerdbacillus macerans (Bacillus macerans) pro-
duce from starch cyclic dextrins, known as Schardinger dextrins, in yields 

105. R. L. Lohmar, J. Am. Chem. Soc. 76, 4608 (1954). 
106. S. C. Pan, L. W. Nicholson, and P. Kolachov, / . Am. Chem. Soc. 73, 2547 

(1951); M. L. Wolfrom, A. Thompson, and T. T. Galkowski, / . Am. Chem. Soc. 73, 
4093 (1951). 

107. C. S. Hanes and M. Cattle, Proc. Roy. Soc. B125, 387 (1938). 
108. J. Wohlgemuth, Biochem. Z. 9, 1 (1908); R. M. Sandstedt, E. Kneen, and M. 

J. Blish, Cereal Chem. 16,712 (1939) ; W. J. Olson, R. Evans, and A. D. Dickson, Cereal 
Chem. 21, 533 (1944). 
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as high as 60 % from whole starch and 70 % from the straight-chain amylose. 
Three crystalline dextrins have been isolated and are called α, β, and y. 
They appear from X-ray, periodate, and other data to be composed of six, 
seven, and eight D-glucose units, respectively, linked in a cycle with a-glyco-
sidic 1—>4 bonds. They are also known as cyclohexaamylose, cyclohepta-
amylose, and cyclooctaamylose. The cycles are about equal in size to the 
repeating unit of the postulated helical coil of amylose (109). 

Certain glycosidases and phosphorylases which are found in plants and 
animals are essential in the metabolism of amylose, amylopectin, and gly-
cogen. They bring about the synthesis and storage of the polysaccharides 
and later, when energy is demanded for the functioning of the organism, 
they depolymerize the polysaccharides to a-D-glucose 1-phosphate, which 
then enters into the energy-supplying metabolic cycle of the particular 
organism. (See also Chapters XIII , IX, Glycogen, and below under Syn-
thesis.) 

The phosphorylases (P-enzyme) act reversibly on either a-D-glucose 
1-phosphate or amylose in the presence of inorganic phosphate, converting 
one to the other as equilibrium conditions dictate. a-D-Glucose 1-phosphate 
is converted to amylose with the release of inorganic phosphate, whereas in 
the reverse reaction inorganic phosphate is combined with D-glucose during 
its liberation to produce the a-D-glucose 1-phosphate ester. 

One step of the reversible reaction is shown in the accompanying formu-
las: 

CH2OH CH2OH CH2OH 

H OH H OH H OH 
Ik 

ll 

CH2OH CH2OH CH2OH 
TT A O p r TT A ^ v TT TT A ^ ΤΤ 

HoN?H ? X o - f - ° H + HoN^XoX^Jf/Lo---

H OH 0 H H OH H OH 

a-D-Glucose 1-phosphate Polysaccharide shortened by one D-glucose unit 

Potato phosphorylase has been shown to degrade amylose to glucose in 

109. K. Freudenberg, E. Plankenhorn, and H. Knauber, Ann. 558, 1 (1947); D 
French, D. W. Knapp, and J. H. Pazur, J. Am. Chem. Soc. 72, 5150 (1950). 
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the presence of arsenate, presumably through formation of an unstable 
glucose 1-arsenate (109a). 

Although phosphorylase can completely degrade amylose, it is to be 
noted that amylopectins and glycogens are only partially broken down to 
an enzyme-resistant limit dextrin. Thus, like 0-amylase, phosphorylase 
evidently meets obstruction at or near 1—»6 links. To cleave a 1—»6 link 
and set free the single D-glucose unit which is joined to the chain as a stub, 
a special debranching factor (R-enzyme, isoamylase, or amylo-(l—>6)-glu-
cosidase) is required. This enzyme is found in the bean, potato (110), auto-
lyzed brewer's yeast (111), and muscle (112). This branching enzyme plays 
a prominent role generally in the depolymerization of amylopectins and 
glycogens. 

As might be expected, phosphorylases have been observed in numerous 
biological materials from animals and higher plants and in various bacteria, 
protozoa, and yeasts (118). An especially good source is the extract of po-
tatoes (114)' The phosphorylase can be concentrated from potato extract 
by means of fractional precipitation with ammonium sulfate. 

b. Fructans (115) 

A number of D-fructofuranose polymers occur as reserve foods in the 
roots, stems, leaves, and seeds of various plants, particularly those in the 
Compositae and Gramineae families. Dahlia tubers and the tubers of the 
Jerusalem artichoke are rich in fructans, as are the rhizomes and stems 
and leaves of grasses such as rye grass. The high fructan content of many 
easily grown but otherwise practically useless plants has stimulated much 
work on the preparation of crystalline fructose or fructose sirups. The poly-
saccharides are of low molecular weight and are readily water soluble. Most 
of them are branched. They may be classified according to the linkages of 
the principal chain into two groups, those with 2—»1 links and those with 
2—>6 links. To the first group belong inulin, asparagosan, asphodelan, 
graminan, irisan, sinistran, tritican, and kritesan. To the second group 
belong phlean, levan, poan, secalan, and pyrosan. 

Inulases, which are found in fungal enzyme preparations and particularly 
in Aspergillus niger extracts, hydrolyze inulin to give nearly theoretical 

109a. J. Katz and W. Z. Hassid, Arch. Biochem. 30, 272 (1951). 
110. P. N. Hobson, W. J. Whelan, and S. Peat, Biochem. J. 47, xxxix (1950). 
111. B. Maruo and T. Kobayashi, Nature 167, 606 (1951). 
112. G. T. Cori and J. Larner, Federation Proc. 9, 163 (1950). 
118. For a more complete list of phosphorylase occurrences see E. J. Hehre, Ad-

vances in Enzymol. 11, 297 (1951). 
114. C. S. Hanes, Proc. Roy. Soc. B128, 421 (1940); B129, 174 (1940). 
115. See E. J. McDonald, Advances in Carbohydrate Chem. 2, 2&3 (1946). 
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yields of D-fructose. Hydrolysis of inulin by bakers' yeast invertase (116) 
and inulase from A. niger (11?) produces also 1.7 and 1.5% D-glucose, re-
spectively. If the glucose is not an integral part of the inulin molecule, it 
must be an integral part of an associated molecule which is hydrolyzed at 
approximately the same rate as inulin. Perhaps one end of the inulin chain 
is terminated by a sucrose unit. This would account for the observations 
that in the treatment of lower members of the inulin homologous series 
with yeast invertase, there is a delayed appearance of free D-glucose. An 
inulase preparation from Sterigmatocystis nigra, when allowed to act on 
inulin, produces a transient appearance of free sucrose (118). The hydrolysis 
may take place by the following mechanisms: 

(1) Hydrolysis of the fructan linkages of sucrose-terminated fructans to 
lower members and sucrose. 

(2) Hydrolysis of D-fructosylsucrose to sucrose and D-fructose. 
(3) Hydrolysis of sucrose to D-glucose and D-fructose. 

Two enzymes seem to be necessary for the complete hydrolysis of gluco-
fructans; one enzyme hydrolyzes fructan units and the other enzyme hy-
drolyzes the sucrose units (119). 

c. Galactomannans (1) 

Polysaccharides composed of D-galactose and D-marmose are commonly 
found as food reserves in the endosperms of legumes. Good sources are the 
seeds of clovers, lespedeza, birdsfoot, trefoil, and alfalfa. Seeds of guar and 
of the carob tree (locust tree) are important commercial sources. These 
two galactomannans consist of a linear chain of D-mannopyranose units 
linked ß-1—>4 with attached D-galactopyranose units linked a-1—»6 as single-
unit side chains. In guar there is one D-galactose unit on every other D-man-
nose unit. These polysaccharides are excellent solution thickeners. 

C. PLANT EXUDATES (1) 

When a plant is wounded there often exudes from the opening a viscous, 
sticky fluid which tends to cover and seal the incision. On drying in air the 
fluid thickens and hardens to a brittle, translucent, glassy mass. These exu-
udates, plant gums, are in deciduous plants, often composed of poly-
saccharides. They are practically always highly branched structures (D in 
Fig. 1) composed of two to five types of monosaccharides. Almost all exu-

116. M. Adams, N. K. Richtmyer, and C. S. Hudson, / . Am. Chem. Soc. 65, 1369 
(1943). 

117. P. Ohlmeyer and H. Pringsheim, Ber. 66, 1292 (1933); W. W. Pigman, J. Re-
search Natl. Bur. Standards 30, 159 (1943). 

118. R. Dedonder, Bull. soc. chim. biol. 34, 157 (1952). 
119. G. Legrand and C. Lewis, Compt. rend. 232, 1439 (1951); J. Edelman and J. 

S. D. Bacon, Biochem. J. 49, 446 (1951). 
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dates contain uronic acid units in more or less abundance. Commercial 
gums include not only plant exudates but also.seaweed polysaccharides and 
certain seed polysaccharides such as those from guar and locust bean. All 
exudates and other polysaccharides commercially listed as gums can absorb 
water to become viscous adhesive masses. Most of the important tree gums 
are obtained from either wild or cultivated species of the Leguminosae or 
Acacia though other plant families are also important. 

a. Gum Arabic (1) 

Gum arabic, one of the most important polysaccharide gums of com-
merce, exudes from thorny shrublike trees of the genus Acaciaf found in the 
semiarid regions of the Sudan and Senegal regions. I t is harvested by hand 
picking. A possible structure for arabic acid {120) based on extensive chem-
ical work is illustrated. 

Ara/3—IGalp Galp = D-Galactopyranose 

i Ara/ = L-Arabofuranose 

1 Rhap = L-Rhamnopyranose 

6 
Galpl 3Galpl 3Galpl 3Galp G.A. = D-Glucuronic acid 

6 6 

Rhapl 3Galp Rhapl 3Galp 
6 6 

G.A. G.A. 
4 4 

Ara/ Ara/ 

b. Tragacanth (1) 

Gum tragacanth is one of the oldest known drugs. It is widely used in the 
pharmacological, cosmetic, and textile-printing industries. It is obtained 
from semidesert thorny shrubs of the Astragalus family which grow abun-
dantly in Iran, Turkey, and other Near Eastern countries. Tragacanth 
forms a thick viscid mucilaginous gel but only partly dissolves in water. 
The water-soluble fraction is called tragacanthin whereas the water-insolu-

120. E. L. Hirst, J. Chem. Soc. p. 70 (1942); T. Dillon, D. F. O'Caellachain, 
and P.O'Colla, Proc. Roy. Irish Acad. 65B, 331 (1953). 
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ble fraction which constitutes 60 to 70 % of the gum is called bassorin. A 
structural formula for the gum can not yet be advanced. 

D. ALGAE (SEAWEEDS) {121) 

Algae grow in abundance in both fresh water and salt water but occur in 
greatest profusion in shallow sea water. The multicellular algae or seaweeds 
have been examined more extensively than unicellular organisms and are 
of great commercial importance. Most polysaccharides isolated from sea-
weeds are those of the cell wall. Cellulose is sometimes absent from seaweeds, 
but usually it is found in the inner cell wall where it occurs in amounts rang-
ing from 1 to 20%. To a large extent, the seaweeds use polysaccharides 
other than cellulose as their cell wall structural elements. When cellulose 
is present it is confined mainly to the inner wall whereas other polysac-
charides make up the exterior wall and cover all exterior surfaces of the 
plant causing them to have a slippery mucilaginous feel. About 80 % or more 
of most seaweeds are extractable by hot water or dilute alkaline solutions. 
Most seaweed polysaccharides are homoglycans; that is, polysaccharides 
composed of only a single sugar as the repeating polymer unit. 

a. Agar (1, 121) 

Agar is the sulfuric acid ester of a linear galactan which is extracted from 
the red seaweed of the Gelidium family. Most agar-bearing plants appear 
to contain about 40 % of galactan on an air-dry basis. Agar is used as a food 
by Orientals, but its main use is as a gel-forming agent in media for culturing 
microorganisms. Commercial production of agar consists of purifying the 
raw seaweeds, extracting the agar from them with boiling water, congealing 
the agar by cooling, freezing out the impurities, and then drying. Natural 
agar consists principally of the calcium salt of a sulfuric ester of a galactan 
in which about nine 1—»3 links occur for each 1—>4 linkage and in which 
there is one sulfate group for about every 53 galactose units (122,123). 
Both L- and D-galactose units occur in the molecule but the complete struc-
ture is not yet known. 

b. Carrageenan (1, 121) 

Hot water extraction of the red marine alga Chondrus crispus, commonly 
known as Irish moss, removes a hydrocolloid material which has been called 
carrageenan. This substance, produced commercially, is used as a stabilizer 
and homogenizer in toothpastes, ice creams, chocolate sirups, chocolate 
milk, bakery products, and in other foods. However, the hot water extract 

121. See T. Mori, Advances in Carbohydrate Chem. 8, 315 (1953). 
122. W. G. M. Jones and S. Peat, J. Chem. Soc. p. 225 (1942). 
128. V. C. Barry and T. Dillon, Chemistry & Industry p. 167 (1944). 
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is a mixture of at least five different polysaccharides {123a). The two main 
components are separable; one termed κ-carrageenan is precipitated as a 
gel on addition of potassium chloride and the other termed λ-carrageenan 
is separated from the supernatant by addition of appropriate amounts of 
ethanol {123b). In κ-carrageenan is found a D-galactose 4-sulfate residue 
joined by a ß-1—>4 link to a S^-anhydro-D-galactose residue, which in turn 
is joined by an a-1—>3 link to another D-galactose 4-sulfate residue to form 
a chain of alternating units but with an occasional D-galactose 4-sulfate 
residue bearing as a substituent on position C-6 a single D-galactose 3,4-di-
sulfate unit. λ-Carrageenan is composed almost entirely of monosulfated 
D-galactose units. 

MO.SO ,TT 3 i y H 

OH 

M « Metallic ion 

c. Alginic Acid {1, 121) 

Alginic acid for the most part is a linear polymer of D-mannuronic acid 
units linked by ß-l—»4 bonds. I t is present in numerous marine algae and 
is commercially extracted by a solution of sodium carbonate from Macro-
cystis pyrifera, the giant kelp from the southern coast of California. Very 
large amounts of algin are produced for industrial and food uses. It is suited 
to the stabilization of ice cream, sirups, cheese, chocolate milk, icings, sher-
bets, and other food products. I t is widely used as an emulsifier in foods 
and as salad dressing. I t is an excellent paper coating and textile size. Re-
cently it has been used as an edible sausage casing. The properties of algin 
derive from its high molecular weight (50,000 to 185,000), from its linear 
structure, and from its acidic nature. The polysaccharide gels easily and 
forms insoluble salts with heavy metal ions and alkaline earths. 

d. Laminaran {1, 121) 

Laminaran is a reserve carbohydrate in some brown algae. Large amounts 
are present in the fronds of species of the Laminaria. At certain seasons of the 
year almost a half of the frond weight is laminaran. At other times when 

128a. D. B. Smith and W. H. Cook, Arch. Biochem. and Biophys. 45, 232 (1953); 
D. B. Smith, W. H. Cook, and J. L. Neal, Arch. Biochem. and Biophys. 53,192 (1954) ; 
D. B. Smith, A. N. O'Neill, and A. S. Perlin, Can. J. Chem. 33,1352 (1955). 

128b. A. N. O'Neill, / . Am. Chem. Soc. 77, 2837, 6324 (1955). 
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the plant is drawing on its food reserves the amount of stored laminaran 
diminishes. It may be extracted by a dilute hydrochloric acid solution and 
be precipitated by alcohol. A neutral solution will slowly precipitate out 
laminaran due to aggregation of the long linear molecules. Chemical work 
suggests that the molecule is essentially a regular chain of /Ö-1—>3 linked 
D-glucopyranose units. 

An enzyme which will cleave the 1—*3 links of laminaran has been re-
ported to occur in unfractionated specimens of wheat ß-amylase (18■£). The 
enzyme preparation hydrolyzes laminaran to D-glucose in 70 % yield, and 
crude soy ß-amylase hydrolyzes laminaran to 72.3% D-glucose. There is a 
strong indication that the Z-enzyme of soybean and the laminaranase of 
wheat are identical (100). 

4. FUNGAL AND BACTERIAL POLYSACCHARIDES (1) 
A great variety of polysaccharides are produced by fungi and bacteria. 

Although some of these polysaccharides serve as reserve foods, many are 
fabricated into the structural framework of the fungi or the capsular sheath 
of bacteria. Other polysaccharides appear to have no definite function in 
the organism but seemingly are simply by-products of metabolism. Poly-
saccharides with interesting immunological properties occur in the capsules 
of pneumococci and tubercle bacilli. Many organisms produce polysac-
charides with antigenic properties. These exact a specific response when 
injected into the animal body. Most polysaccharides synthesized by micro-
organisms are branched molecules which usually contain not more than 
three different monosaccharide types in a particular structure. 

A. ASPERGILLUS POLYSACCHARIDE 

Extraction of the common black mold Aspergillus niger removes an intra-
cellular polysaccharide which is a linear chain of D-glucypyranose units 
joined alternately by a-1—>4 and a-1—»5 bonds (125). 

B. LEUCONOSTOC POLYSACCHARIDES 

When Leuconostoc mesenteroides grows in a sucrose solution it produces 
ropy slimes which are polysaccharides called dextrans. These slimes were 
known for years by manufacturers of sirups, molasses, and sugar. Great 
care is exercised to prevent bacteria from growing and hence to prevent 
slimes from developing in sugar solutions. In recent years, however, dex-
trans have been found of immense clinical value as plasma volume ex-
panders in cases of hemorrhage or shock. Large quantities of dextran solu-
tion have been successfully injected into the blood stream of disabled 

m. T. Dillon and P. O'Colla, Nature 166, 67 (1950). 
125. S. A. Barker, E. J. Bourne, and M. Stacey, J. Chem. Soc. p. 3084 (1953). 
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combat troops. For this purpose native dextran of molecular weight up 
to 4,000,000 is hydrolyzed by acid or by enzymes {125a) to a molecular-
weight average of 76,000. Its effectiveness as a plasma expander is tempo-
rary. About 72 hours after injection 65 to 70% of the dextran has been 
excreted in the urine, 4 to 6 % has been expired, and the remainder retained 
by the reticuloendothelial system, the polynuclear leucocytes, and the liver 
parenchyma {126). The polysaccharides may be antigenic in man, for they 
appear to produce a typical antibody response {127). 

In commercial production, enzymes from a strain of Leuconostoc mesente-
roides are used to synthesize dextran from sucrose, water, essential minerals, 
and vitamins (see under Synthesis, below). The native dextran so obtained 
is then carefully hydrolyzed to the proper molecular-weight average and 
recovered by fractional precipitation from solution with methanol {128). 

Some other microorganisms also produce dextrans. The structures of 
dextran molecules vary with the type and strain of organism which pro-
duces them. All are branched molecules composed of D-glucopyranose units. 
However, they differ quantitatively with regard to the nature of the gly-
cosidic bonds, although the main bond is the a-l—>6 bond. In the analyses 
of dextrans produced by 96 microorganisms (mostly strains of L. mesente-
roides), the percentages of 1—»6 bonds present in the individual dextrans 
varied from 50 to 97 % ; the percentages of 1—»4 and 1—>3 bonds were fewer 
and varied over the range 0 to 50%, and 0 to 40%, respectively {129). The 
α-D-configuration for the linkage in one dextran was shown by the isolation 
of isomaltose from a hydrolyzate {129a). 

The composition, particularly the molecular weight, is affected by the 
temperature of the medium, concentrations of sucrose and fructose, and 
by the addition of primers, such as low-molecular-weight dextrans or malt-
ose {ISO). Periodate techniques (p. 700) have been particularly valuable 
for rapid analyses of these substances. 

125a. V. Whiteside-Carlson and W. W. Carlson, Science 115, 43 (1952). 
126. V. Friberg, W. Graf, and B. Aberg, Ada Pharmacol. Toxicol. 9, 220 (1953). 
127. E. A. Kabat and D. Berg, Ann. N. Y. Acad. Sei. 55, 471 (1952) ; P. H. Mauer, 

Proc. Soc. Exptl. Biol. Med. 83, 879 (1953); see also V. Whiteside-Carlson, L. V. 
Farina, and W. W. Carlson, / . Bacterial. 68, 135 (1954). 

128. G. H. Bixler, G. E. Hines, R. M. McGhee, and R. A. Shurter, Ind. Eng. Chem. 
45,692 (1953). 

129. A. Jeanes, W. C. Haynes, C. A. Wilham, J. C. Rankin, E. H. Melvin, Marjorie 
J. Austin, J. E. Cluskey, B. E. Fisher, H. M. Tsuchiya, and C. E. Rist, J. Am. Chem. 
Soc. 76, 5041 (1954.) 

129a. M. L. Wolfrom, L. W. Georges, and I. L. Miller, J. Am. Chem. Soc. 71, 125 
(1949). 

ISO. H. M. Tsuchiya, N. N. Hellman, H. J. Koepsell, J. Corman, C. S. Stringer, S. 
P. Rogovin, M. O. Bogard, G. Bryant, V. H. Feger, C. A. Hoffman, F. R. Senti, and 
R. W. Jackson, / . Am. Chem. Soc. 77, 2412 (1955). 
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C. PNEUMOCOCCUS POLYSACCHARIDES 

Capsules of pneumococci consist largely of a polysaccharide slime, but 
they contain in addition some protein and small amounts of other sub-
stances. The type-specificity and virulence of the pneumococci are due to 
their capsular polysaccharides (see Chapter VIII). The specificity of reac-
tion for different pneumococcal types is due to variation in the capsular 
polysaccharide molecules. The antigenic polysaccharides are isolable from 
the bacteria but are more often prepared from the culture broth into which 
they are liberated by bacterial autolysis. Though there are more than 70 
known types of pneumococci, little is known of the structures of their cap-
sular polysaccharides save that from type III pneumococcus. This is shown 
to be a linear molecule of D-glucose and D-glucuronic acid units in equal 
amounts. They are linked alternately so that the molecule may be regarded 
as a chain of aldobiouronic acid units (131): 

CH,OH 

While the compositions of other pneumococcal polysaccharides have not 
been fully clarified, the composition of several have been determined as 
follows: 

Type I D-Galacturonic acid (28%), aminosugar, and acetic acid. 
Type II D-Glucose, L-rhamnose (40%), and D-glucuronic acid. 
Type IV D-Glucose and iV-acetylhexosamine. 
Type VIII D-Glucose and D-glucuronic acid in 7:2 ratio. 
Type XIV D-Galactose and iV-acetyl-D-glucosamine. 

D. CROWN-GALL POLYSACCHARIDE 

The crown-gall organism, Phytomonas tumefaeiens, produces a low-molec-
ular-weight polysaccharide of D-glucose, which is of interest because it has 
predominantly 1—>2 glycosidic linkages (181a). 

5. GENERAL REACTIONS 

Since polysaccharides are constituted of monosaccharide units, they 
undergo approximately the same chemical reactions as simple sugars. How-

181. R. D. Hotchkiss and W. F. Goebel, J. Biol. Chem. 121, 195 (1937); R. E. 
Reeves and W. F. Goebel, / . Biol. Chem. 139, 511 (1941). 

181a. R. E. Reeves, / . Biol. Chem. 154, 49 (1944); E. W. Putman, A. L. Potter, R. 
Hodgson, and W. Z. Hassid, / . Am. Chem. Soc. 72, 5024 (1950). 
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ever, they have fewer hydroxyl groups per monosaccharide unit and possess 
only one available reducing group per molecule. Similar reactivity is ex-
hibited only when the polysaccharides are in solution or are in the form of 
a highly dispersed gel in which the carbohydrate molecules are free to con-
tact the reacting chemicals. In the solid state most polysaccharide molecules 
bind strongly to each other by secondary forces to form such a compact 
stable mass that reagents cannot easily penetrate and react with active 
centers. When a solid polysaccharide is treated with a solution of a reactive 
substance, the exposed surface polysaccharide molecules react first, while 
the reagent slowly diffuses into the remainder of the solid phase. Amorphous 
regions are penetrated and react first, while crystalline regions, if present, 
are penetrated slowly, if at all. Surface molecules exposed for a long period 
to the reagent may suffer decomposition, whereas interior molecules may 
be incompletely reacted. In the formation of derivatives such as ethers or 
esters, it is sometimes observed that unequal substitution has occurred not 
only between molecules but between segments of individual molecules. 
Thus, a molecule existing in the solid state with a portion in an amorphous 
region and a portion in a crystalline region may be completely substituted 
on the first portion and unsubstituted or incompletely substituted on the 
second portion. Partial reaction may sometimes be advantageous, as for 
the modification of cellulose fibers. 

However, polysaccharides are normally pretreated to bring them into a 
reactive condition prior to chemical reaction. Pretreatment may consist of 
a simple swelling or gelatinization but sometimes consists in transforming 
the polysaccharide to a reactive dry powder of low density and low inter-
molecular cohesiveness. This transformation is frequently accomplished 
by freeze-drying an aqueous dispersion or by precipitating the polysac-
charide solution by pouring a solution of it into eight or ten volumes of 
well-stirred ethanol, followed by repeated washing with fresh quantities of 
ethanol, and drying of the filtered product in a desiccator over calcium 
chloride. Such a fluffy, completely amorphous product is found to be easily 
penetrated and is reactive toward most reagents. 

A. ESTERIFICATION (SEE ALSO CHAPTER III) 

Polysaccharides are capable of ester formation with either organic or 
inorganic acids. Reaction may, in general, be effected by any of the well-
known esterification procedures after their adaptation and modification 
to fit the possible special requirements of carbohydrate macromolecules. 
The esters produced are derivatives of high polymers and as such portray 
typical macromolecular properties in addition to natural ester behavior. 
Esterification with organic acids usually alters the properties from hydro-
philic to hydrophobic, and, hence, alters the solubility so that the ester is 
no longer soluble in water but is soluble in organic liquids. 
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Preparative methods for polysaccharide esters ordinarily involve the 
treatment of the reactive polysaccharide with acids, acid anhydrides, or 
acid chlorides and a promoting agent. The promoting agent may be a cata-
lyst; with acid anhydrides and acid chlorides, it may be a tertiary organic 
base and with acid chlorides it may be an alkali hydroxide. Use of substi-
tuted acid anhydrides as impelling agents to promote esterification by 
higher fatty acids is often used in industrial processes. Direct esterification 
by an acid alone produces, in most instances, only a minor degree of substi-
tution and induces extensive depolymerization. 

Cellulose is the only polysaccharide which is esterified in quantity in 
commercial practice. The first important plastic was celluloid, compounded 
of a mixture of camphor and a partially nitrated cellulose, known as pyrox-
ylin. Pyroxylin is used in the manufacture of lacquers, collodion, and 
artificial leather. Highly nitrated cellulose, approximating the trinitrate 
stage, is known as guncotton. Cellulose acetates are of particular importance 
for spinning into acetate yarns, for the production of photographic films, 
and for the production of plastics. Plastics from mixed esters such as ace-
tate-butyrate are often superior because they are tougher and are of greater 
shock resistance. Various starch esters with less than one substituent per 
D-glucose unit are produced commercially on a limited scale. 

a. Acetates 

Laboratory acetylation to produce a fully esterified polysaccharide is 
accomplished most easily if the polysaccharide has been pretreated to make 
it more reactive or if a gelatinizing agent such as formamide is incorporated 
in the acetylation reagents (132). With a fluffy, nonhorny polysaccharide, 
acetylation can be accomplished with 3.2 parts of acetic anhydride and 3.7 
parts of pyridine per part of polysaccharide either at room temperature on 
long standing or at 100° for 2 to 4 hours. Acetylation by the normal pro-
cedures may be accompanied by some depolymerization, but with trifluoro-
acetic anhydride (132a) as the catalyst only about one bond per thousand 
is broken. However, the acetyl content of the product is liable to be 2 % 
lower than the theoretical value, possibly due to the introduction of a few 
trifluoroacetyl groups. 

Commercial cellulose acetate is produced from purified cotton linters 
or wood pulp which are pretreated with acetic acid at a temperature less 
than 50° to bring about partial swelling and increased reactivity. Acetyla-
tion is accomplished with a mixture of acetic acid, acetic anhydride, and 
sulfuric acid (or sometimes perchloric acid). The amount of acetic anhydride 

182. J. F. Carson and W. D. Maclay, J. Am. Chem. Soc. 68, 1015 (1946). 
182a. K. S. Barclay, E. J. Bourne, M. Stacey, and M. Webb, J. Chem. Soc. p. 1501 

(1954). 
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is enough to esterify the cellulose and react with any moisture present at 
the end of the pretreatment. Temperature is controlled to prevent excessive 
depolymerization. In the intermediate stages of acetylation, the sulfuric 
acid combines (182b) quantitatively with the cellulose to form the acid 
sulfate. In the final stages the acid sulfate groups are gradually replaced 
by acetyl groups, but the end-product contains some sulfur. At the con-
clusion of the reaction, water is added to react with excess acetic anhydride 
and bring the water content of the solution to 5 to 10 %. The mixture is then 
held at a temperature of 40°, or slightly above, to reduce the number of 
acetyl groups to between 2.1 and 2.6 per D-glucose unit. Partial deacetyla-
tion is performed because cellulose triacetate is soluble in only a few sol-
vents, such as glacial acetic acid and chlorinated hydrocarbons, whereas 
the partially deacetylated cellulose acetate is soluble in such low-cost com-
mercial solvents as acetone. During deacetylation, the sulfur content of the 
cellulose derivative is reduced to about 0.01 %. 

b. Nitrates 

Polysaccharides are usually nitrated by a mixture of nitric and concen-
trated sulfuric acids at 20° or below. The extent of nitration depends upon 
the ratio of the acids used, the temperature of the reaction, and the amount 
of water present (188). Although some degradation and sulfonation occur 
during the reaction, this method is used for the commercial production of 
cellulose and starch nitrates which are the only industrially made polysac-
charide nitrates. Sulfonic ester groups introduced during the nitration 
would cause the product to be unstable, and, hence, they are hydrolytically 
removed by heating the ester in dilute mineral acid. Phosphoric acid is a 
better catalyst than sulfuric acid, because it produces a higher-molecular 
weight nitrate and does not tend to esterify with the polysaccharide (184). 
Both cellulose and starch nitrates esterified to about the triester stage are 
important explosives. Pyroxylin has 1.9 to 2.5 nitrate groups per D-glucose 
unit. 

Nitrates of both cellulose and starch can be prepared by the action of 
dinitrogen pentoxide on the respective polysaccharide (185,186). 

Denitration can be achieved by strong sulfuric acid, but depolymeriza-
tion of the carbohydrate also occurs. Alkaline hydrolysis gives rise to a mix-
ture of polysaccharide fragmentation products as well as inorganic nitrates 
and nitrites. Nitrate groups are removed without appreciable degradation 

182b. C. J. Malm, L. J. Tanghe, and B. C. Laird, Ind. Eng. Chem. 38, 77 (1946). 
138. G. Lunge, J. Am. Chem. Soc. 23, 527 (1901). 
184. E. Berl and G. Rueff, Cellulose Chem. 12, 53 (1931). 
185. R. Dalmon, J. Chedin, and L. Brissaud, Compt. rend. 201, 664 (1935). 
186. G. V. Caesar and M. Goldfrank, J. Am. Chem. Soc. 68, 372 (1946). 
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under alkaline reducing conditions (187). Reductive denitration by so-
dium hydrogen sulfide was used in the old process for manufacturing rayon 
from cellulose nitrate. After spinning into fibers had been completed, the ni-
trate groups were removed to produce a stable and insoluble cellulose fila-
ment. 

Polysaccharide nitrates are prepared in the laboratory for the viscomet-
ric estimation of molecular weight and for fractionation according to chain 
length (138). For these purposes it is necessary that depolymerization be 
kept to a minimum. This is achieved by nitration of the polysaccharide with 
a mixture of nitric acid, acetic acid, and acetic anhydride at low tempera-
tures (189). 

c. Xanthates 

Polysaccharides react with carbon disulfide and sodium hydroxide to 
give dithiocarbonic acid esters known as xanthates: 

H—C—OH N ^Q H ) H—C—0—C—S—Na 

S 

The xanthate group appears to become preferentially attached to C-2 of 
D-glucose units in cellulose. Diazomethane replaces the xanthate groups 
with methyl groups so that subsequent hydrolysis yields 2-0-methyl-D-
glucose (1^0). A high degree of xanthation is obtained when the polysac-
charide is dispersed and esterified with carbon disulfide in tetraalkylam-
monium hydroxide (140). 

Polysaccharide xanthates, the product of a weak acid and strong base, 
decompose spontaneously owing to the formation of free polysaccharide 
xanthic acid. The decomposition is greatly accelerated by the addition of 
mineral acid. 

Cellulose xanthate is used in making viscose rayon from wood-pulp or 
cotton linters. Sheets of pulp are steeped in 18 % sodium hydroxide solution 
to give soda cellulose. Shredded soda cellulose is then oxidized by atmos-
pheric oxygen at 25 to 30° for 1 to 3 days by allowing the crumbs to stand 
in open containers. This process, known as aging, reduces the chain length 
of the cellulose and gives it a greater solubility. Cellulose xanthate is pre-
pared by reacting the aged cellulose with carbon disulfide for 1 to 3 hours 
at 20 to 30°; the excess carbon disulfide is then removed by evacuation. 

187. B. Rassow and E. Dörr, J. prakt. Chem. 108, 169 (1924). 
188. J. Duclaux and E. Wollman, Bull. soc. chim. France 27, 414 (1920). 
189. J. Harland, Unpublished work, British Cotton Industry Research Associa-

tion; see A. Sharpies, J. Polymer Sei. 13, 393 (1954). 
140. T. Lieser, Ann. 470, 104 (1929); Chem.· Ztg. 60, 387 (1936). 
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A sodium hydroxide solution of cellulose xanthate, termed viscose, is made 
suitable for spinning by storage at 15 to 20° for 1 to 3 days, during which 
time partially regenerated cellulose is produced by spontaneous elimination 
of some xanthate groups. The "ripened" cellulose xanthate solution is then 
forced through a spinneret into an acidic bath which decomposes the cellu-
lose xanthate and coagulates the regenerated cellulose to produce fine fila-
ments. 

d. Other Esters 

I t is possible to react almost any acid with a polysaccharide to produce 
an ester, and a great variety of polysaccharide esters have been produced. 
Polysaccharide esters of aliphatic acids are readily prepared by reacting 
the free acid with the polysaccharide in the presence of an impelling agent 
consisting of a mixture of chloroacetic anhydride, chloroacetic acid, and 
magnesium perchlorate (141)· Mixed esters, especially the acetate-propio-
nate and acetate-butyrate, possess high solubilities, and since the solids 
possess shock resistance they are replacing cellulose acetate in the manu-
facture of lacquers, plastics, and films. Mixed esters in which a dibasic acid 
is incorporated have cross linkages and, hence, possess low solubilities and 
produce brittle plastics. Carbamate groups are stable to both acid and alkali 
and are produced by treatment of a polysaccharide with an isocyanate in 
pyridine solution : 

H—C—0—H *?g° ) H—C—O—C—NHR 
. pyridine . .. 

o 

Esters of aromatic acids have not been developed commercially because of 
their high cost. 

B. ETHERIFICATION (See also Chapter VII) 

Hydroxyl groups of polysaccharides are etherified readily by low-molec-
ular-weight alkyl halides, alkyl sulfates, vinyl derivatives, and epoxides. 
Although a wide variety of ethers may be made, very few have found in-
dustrial importance. The cellulose ethers of industrial importance are the 
methyl, ethyl, cyanoethyl, and carboxymethyl ethers. 

Ethyl and methyl cellulose ethers are prepared commercially by reacting 
alkali cellulose with ethyl or methyl chloride, respectively. Carboxymethyl-
cellulose is formed by the interaction of salts of monochloroacetic acid with 
alkali cellulose. Cyanoethylcellulose, a compound of potential importance 

141. H. T. Clarke and C. J. Malm, British Patent 313,408 (1929); U. S. Patent, 
1,880,808 (1932). 
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in the textile industry, is prepared from alkali cellulose and acrylonitrile: 

I I 
H—C—0—H + CH 2 =CH—CN -> H—C—0—CH2—CH2—CN 

Methyl and ethyl ethers of cellulose with a degree of substitution (D.S.) 
of 0.1 to 0.35 are used as emulsifying agents and paper sizes. Hydroxy-
ethylcellulose (D.S., 0.5) is also used as a size. Highly substituted ethyl-
celluloses (D.S., 2.2 to 2.6) are of great importance in the plastics, film, and 
lacquer industries. Carboxymethylcellulose (D.S., 0.5 to 0.75) is used as a 
thickener in foods, and the sodium salt is added to washing powders in 
which its action in laundering is to prevent redeposition of soil in the fabric. 

Polysaccharide methyl ethers are used extensively in determinations of 
the molecular structure of polysaccharides (see p. 651). Methyl ethers are 
most frequently prepared by reacting an alkaline suspension of the poly-
saccharide with dimethyl sulfate. Methyl p-toluenesulfonate has also been 
used (142). The heterogeneous reaction is greatly facilitated by extremely 
vigorous stirring, for there is a competing reaction in the destruction of the 
methylating agent by the base. 

Degradation of the polysaccharide during methylation can be minimized 
by performing the reaction at low temperatures and in an atmosphere of 
nitrogen. Methylation is facilitated by simultaneous deacetylation and 
methylation of the polysaccharide acetate dispersed in an inert solvent 
(143). Fully methylated polysaccharides are obtained only after repeated 
methylations, which are often completed by a final methylation with a 
mixture of silver oxide and methyl iodide. Resistant hydroxyl groups may 
be methylated by the alternate addition of sodium metal and methyl iodide 
to the polysaccharide dispersed in liquid ammonia (144, 145). 

C. OXIDATION (See also Chapter VI) 

Polysaccharides can be oxidized even by such a mild oxidant as atmos-
pheric oxygen. The rate of oxidation is greatly enhanced by alkalies and 
by various heavy metal ions. Mild oxidations are beneficial when properly 
employed for producing new and useful properties in polysaccharides. As an 
example, starch is mildly oxidized by small amounts of bleaching powder to 
produce improved textile sizes. Atmospheric oxidation of alkali-treated 
cellulose reduces the chain length of commercial cellulose to the point where 
its xanthate can be dissolved in a strong alkaline solution and can be used 

142. J. W. Weaver and C. A. Mackenzie, Ind. Eng. Chem. 46, 1490 (1954). 
148. W. N. Haworth, E. L. Hirst and H. A. Thomas, J. Chem. Soc. 821 (1931). 
1U- K. Freudenberg and H. Boppel, Ber. 71, 2505 (1938). 
145. J. E. Hodge, S. A. Karjala, and G. E. Hubert, </. Am. Chem. Soc. 73, 3312 

(1951). 
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for spinning into rayon fibers. On the other hand, there are instances where 
mild oxidations are decidedly detrimental. The best example is the tendering 
or weakening of rayon and cotton textile fibers during bleaching or the 
weakening of fabrics exposed to air and light. In both of these instances, 
weakening of the fibers is due to the oxidative depolymerization of the 
cellulose molecules or to oxidative sensitization of the molecules so that 
they fragment on treatment with mild alkali, such as may be encountered 
in laundering. 

Polysaccharides may be attacked in several ways by an oxidant. Oxida-
tion of anomeric carbon atoms may occur with a resultant rupture of glyco-
sidic links. Oxidation of secondary alcoholic groups may also occur to pro-
duce carbonyl groups or, on rupture of carbon-carbon bonds, aldehyde or 
carboxyl groups. Oxidation of primary alcohol groups produces uronic acid 
residues. Amylose is reported to contain anomalous oxygen-sensitive glyco-
sidic bonds not found in amylopectin (l/fi). Many oxidants produce more 
than one type of oxidation, but usually one type predominates. Often the 
nature of the oxidation is influenced by the temperature, pH, and concen-
tration of reactants. 

A number of methods have been devised for the determination of the 
nature of the groups formed by the oxidation of cellulose (147). These in-
clude: 

(1) Determination of carbonyl groups by reaction with hydroxylamine 
hydrochloride and titration of the liberated hydrochloric acid, or determina-
tion of aldehyde groups by oxidation with hypoiodite or chlorous acid and 
by reaction with diamines and subsequent fixation of dyes. 

(2) Determination of combined uronic acid groups by evolution of carbon 
dioxide. 

(3) Measurement of residual hydroxyl groups by acetylation and nitra-
tion. 

(4) Measurement of carboxyl groups by direct titration or by partition 
methods based on calcium acetate, silver phenolates, or méthylène blue. 

In oxygen-free alkali, oxidized polysaccharides which contain carbonyl 
functions are quickly degraded to saccharinic acids, dihydroxybutyric acid, 
lactic acid, formic acid, and other similar compounds of low molecular 
weight. The low viscosity of oxycelluloses in cuprammonium hydroxide so-
lutions results from the immediate molecular fragmentation caused by a 
cleavage of bonds sensitized to alkali through the presence of carbonyl 
groups introduced by the earlier oxidation (148). 

If one of the ring hydroxyl groups in a 1—»4 linked glycan is oxidized to a 

146. H. Baum and G. A. Gilbert, Chemistry & Industry p. 489 (1954). 
147. See C. C. Unruh and W. O. Kenyon, Textile Research J. 16, 1 (1946). 
148. G. F. Davidson, / . Textile Inst. 29, T195 (1938). 
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CH2OH CH20H CH20H 

~ 0 

FIG. 5. A proposed mechanism for the cleavage of an oxidized polysaccharide with 
alkali. 

carbonyl group, both a-alkoxycarbonyl and ß-alkoxycarbonyl groups will 
be present. The former will give rise to reducing properties (149) and the 
latter to alkali sensitivity (150, 151). Alkaline cleavage of the polysaccha-
ride may proceed according to the scheme shown in Fig. 5. (See also Chap-
ter I.) 

Products obtained by the action of oxidizing agents on raw starches are 
of considerable industrial importance, particularly as sizing materials, but 
their chemical natures are still unknown. Because of the increased fluidity 
of dispersions of oxidized starches as compared with untreated starches, 
they are classified with acid-treated ("acid-modified") starches as "thin-
boiling starches." In addition they produce clearer solutions with a lower 

149. J. Kenner and G. N. Richards, J. Chem. Soc. p. 2240 (1953). 
150. J. F. Haskins and M. F. Hogsed, / . Org. Chem. 15, 1264 (1950). 
151. W. M. Corbett and J. Kenner, / . Chem. Soc. p. 2245 (1953). 
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congealing rate and more adhesiveness than is observed with unmodified 
starches. Commercially oxidized starches, however, still retain granular 
structures, are difficultly soluble in cold water, and give the usual colors in 
the presence of iodine. 

Two general types of oxidation are used for the commercial processes: 
hypochlorite (and halogen) and peroxide. In the first type, a slightly alkaline 
starch slurry is reacted with sodium or calcium hypochlorite at 32 to 52°C. 
When the desired degree of oxidation is reached, sodium bisulfite is added 
to neutralize the oxidizing agent, and the product is ready for use after the 
water has been removed. Oxidative modification of starch also may be 
brought about by the action of alkaline peroxides, permanganates, persul-
fates, and perborates; the reactions may take place in the wet or dry states, 
but elevated temperatures are necessary. 

Although the course of the oxidizing action of hypochlorites and halogens 
in the preparation of commercial oxidized starches is generally unknown, 
there is no doubt that it is quite complex. Whereas alkaline hypoiodite is 
used for end-group estimation (oxidation of aldehyde to carboxyl), condi-
tions must be controlled to minimize over-oxidation (10,152). Hypochlorite 
oxystarches have been shown to contain carboxyl, aldehyde, and a small 
quantity of ketone groups (153). Bromine, also, under suitably controlled 
conditions oxidizes principally aldehyde groups. However, bromine oxida-
tion of starches and starch derivatives has been shown to form among other 
products glucuronic acid residues from oxidation of the primary hydroxyl 
groups (154,155). This reagent may lead also to a cleavage of the carbon 
chains, as is evidenced by the separation of dibasic acids with carbon chains 
shorter than six atoms in length. The bromine-oxidized starch also forms 
an oxime derivative. This reaction has been attributed to the formation of 
a ketone group during the oxidation process. 

Some oxidants are rather specific in their action and tend to bring about 
a preferred type of oxidation. A few such oxidants are periodate ion, lead 
tetraacetate, bismuthate ion, or trivalent silver, which oxidize adjacent 
secondary alcohol groups with chain cleavage to dialdehydes, and nitrogen 
dioxide, which preferentially oxidizes primary alcohol groups to carboxyl 
groups. 

Periodate ion (see Chapter VI) is a useful oxidant in the determination 
of polysaccharide structures since it indicates the number of a-glycol groups 
present. (See also p. 648.) Thus, 1—>4 linked glycans such as starch or cellu-
lose have free hydroxyl groups at C-2 and C-3 of each sugar unit and are 

152. M. Levine, J. F. Foster, and R. M. Hixon, J. Am. Chem. Soc. 64, 2331 (1942). 
153. M. E. McKillican and C. B. Purves, Can. J. Chem. 32, 312 (1954). 
154. V. Syniewski, Ann. 441, 277 (1925). 
155. F. F. Farley and R. M. Hixon, Ind. Eng. Chem. 34, 677 (1942). 
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CH20H 

FIG, 6. Periodate oxidation of a 1—4 glucan. 

oxidized at these positions with chain cleavage (Fig. 6). The nonreducing 
end units (A) are broken twice with the formation of one molecule each of 
formic acid. The reducing end unit (B) yields two molecules of formic acid 
and one molecule of formaldehyde. The estimation of formaldehyde and 
formic acid produced by the terminal groups has been utilized for the de-
termination of chain lengths of polysaccharides. Formic acid is determined 
by direct titration {16,17). Formaldehyde is estimated gravimetrically as 
its dimedon derivative {156) or colorimetrically by its chromotropic acid 
complex {157). Hydrolysis of periodate-oxidized starch, cellulose, or glyco-
gen leads to glyoxal and D-erythrose as illustrated in Fig. 6. 

In a 1—>3 linked glycan such as laminaran, the intermediate sugar units in 
the chain do not possess a-glycol groups, and, hence, oxidation will occur 
only on the end units of the chain {35, 86). The amount of periodate con-
sumed in an oxidation is perhaps best determined by reacting the excess 
reagent with iodide in neutral solution and titration of the iodine liberated 
with thiosulfate {158). Cellulose, starch, and most other polysaccharides 
rapidly consume the expected amount of periodate, but further oxidation 

156. D. Aminoff and W. T. J. Morgan, Biochem. J. 48, 74 (1951). 
157. J. F. O'Dea and R. A. Gibbons, Biochem. J. 55, 580 (1953). 
158. J. C. P. Schwarz, Chemistry & Industry p. 1000 (1954). 
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continues slowly and must be taken into consideration in using periodate 
for structural investigations. 

Periodate-oxidized polysaccharides are sensitive to alkaline degradation 
but lose this property on reduction of the aldehydic groups to alcohols or 
on their oxidation to carboxylic acids with chlorous acid or bromine. 

Periodate-oxidized cellulose shows no carbonyl absorption bands in the 
expected region of the infrared {159), I t is believed that the aldehyde groups 
are present in the hydrated form. Cyclization may occur to give a product 
of the type illustrated in formula (I). 

ÇH2OH ÇH2OH 

JT% - < M \ / £ - 0 - J \ /L-O-

H 0 H ° H 0 H H 0 H N H 0 H 

R 

(I) (Π) 

Reaction of periodate-oxidized starch with isonicotinoylhydrazine, thio-
semicarbazide, or p-aminobenzoic acid produces gelatinous nitrogen-con-
taining polysaccharides with units of the type (II). However, with phenyl-
hydrazine a different type of reaction occurs which is known as the Barry 
reaction (160). Complete degradation occurs with the separation of glyoxal 
bis(phenylhydrazone). This reaction has been used for determining the 
structures of 1—»3 polysaccharides, in which the nonreducing end group is 
first oxidized by periodate and then removed by treatment with phenylhy-
drazine to give glyoxal bis(phenylhydrazone) and a new polysaccharide 
with one less sugar unit. 

Nitrogen dioxide oxidizes the primary hydroxyl groups of polysaccharides 
to uronic acids (161). Side reactions occur to an extent of 10 to 15%, pre-
sumably to produce carbonyl groups. These oxidized polysaccharides have 
some applications, based principally on their conversion to a soluble form 
by salt formation. 

D. DEPOLYMERIZATION 

a. Hydrolysis 

Acids in contrast to enzymes (see above under Cellulose) cause a more 
or less random hydrolytic cleavage of the glycosidic bonds in polysaccha-

159. J. W. Rowen, F. H. Forziati, and R. E. Reeves, J. Am. Chem. Soc. 73, 4484 
(1951). 

160. V. C. Barry, Nature 162, 537 (1943). 
161. P. A. McGee, W. F. Fowler, Jr., C. C. Unruh, and W. O. Kenyon, J. Am. Chem. 

Soc. 70,2700 (1948) ; W. W. Pigman, B. L. Browning, W. H. McPherson, C. R. Calkins, 
and R. L. Leaf, Jr., J. Am. Chem. Soc. 71, 2200 (1949). 
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rides. Usually there is a gradual decrease in viscosity and an increase in 
reducing power as determined on material recovered at successive stages. 
Mono- and oligosaccharides are present at once in the hydrolysis liquors. 
The concentration of oligosaccharides increases and later decreases accord-
ing to kinetic laws, while the concentration of monosaccharides continues 
to increase until the hydrolysis is complete. In practice, complete conversion 
of a polysaccharide to its constituent monosaccharides is difficult because 
of the decomposition of monosaccharides and because some random and 
partial repolymerization or "reversion" takes place with the formation of 
oligosaccharides. 

The rate of hydrolysis of a polysaccharide is a function of its structure. 
In general, a-D-glycosidic linkages are hydrolyzed more readily than β-Ώ-
linkages. Polysaccharides, such as arabans and fructans, whose sugar units 
occur as furanosides may be rapidly and completely hydrolyzed under mild 
conditions, such as in 1 % mineral acid at 80°. Polysaccharides consisting of 
pentose units in the pyranose form are more resistant, but hot 3 % nitric 
acid causes complete hydrolysis. More concentrated acids, especially hy-
drochloric acid, decompose the pentoses to furfural. Stronger hydrolytic 
conditions are necessary for polysaccharides of hexopyranoside units. Usu-
ally normal sulfuric or hydrochloric acid at 100° is sufficient, but in certain 
cases more drastic conditions are necessary. 

Glycuronans, polysaccharides composed of uronic acid units, are the 
most acid-resistant polysaccharides and are only slowly hydrolyzed by 
normal hydrochloric acid. Heteroglycans containing uronic acid units un-
dergo more extensive hydrolysis elsewhere in the molecule than at the gly-
curonopyranosidic bond; consequently, aldobiouronic acids accumulate as 
resistant disaccharides in hydrolysis mixtures. (See pp 668 and 669.) To 
complete the hydrolysis of the aldobiouronic units, acid concentrations of 
4% at 120° for 10 to 24 hours may be necessary (162). Naturally acidic 
polysaccharides undergo autohydrolysis when their aqueous solutions are 
boiled. 

If a polysaccharide is not water soluble, it may be dissolved in 40 to 43 % 
hydrochloric acid solution at 0° or in cold 72 % sulfuric acid. When the prod-
uct has become water soluble the solution is diluted to about 1 N and the 
hydrolysis completed at 100°. 

b. Acetolysis 

Acetolysis of polysaccharides yields, in addition to acetates of the con-
stituent monosaccharides, various oligosaccharide acetates and particu-

162. W. A. G. Nelson, and E. G. V. Percival, J. Chem. Soc. p. 58 (1942) ; E. Ander-
son, F. H. Russell, and L. W. Seigle, J. Biol. Chem. 113, 683 (1936); S. Morell, L. 
Baur, and K. P. Link, J. Biol. Chem. 105, 15 (1934). 
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larly disaccharide acetates, in which glycosidic linkages characteristic of 
the parent polysaccharide molecule are preserved unchanged. Beside these 
products, acetates of monosaccharide aldehydrols have also been isolated 
in certain cases (163). The various acetolysis products from heteroglycans 
can be isolated by chromatography on a mixture of Magnesol and Celite 
(164). To minimize decomposition of the carbohydrate, the polysaccharide 
acetate is dissolved at 0° in acetic anhydride or an acetic acid-acetic anhy-
dride mixture containing 3 to 5% sulfuric acid. After several hours, the 
temperature of the acetolysis solution is allowed to rise to 25° for completion 
of the reaction which may take up to 30 days. The reaction time may be 
reduced by increasing the sulfuric acid concentration, but this causes an 
increase in destruction of carbohydrate. 

6. SYNTHESIS (See also Chapter IX) 

Most laboratory syntheses of polysaccharides have been effected by 
means of enzymes, but study has been made of their formation as products 
of acid reversion. 

A. ENZYMIC SYNTHESIS OF POLYSACCHARIDES 

The enzymic synthesis of polysaccharides (165) from simple substrates 
is a process of transglycosylation in which sugar residues are transferred 
from a glycosyl donor to a polysaccharide or oligosaccharide receptor. The 
reaction may be expressed by the following scheme, where Gt represents a 
sugar residue, X an aglycon group, and Gr-O-H a carbohydrate receptor 
molecule : 

Gt—O—X + H—O—Gr ^ Gt—O—Gr + X—O—H 

The addition of the sugar residue to the receptor molecule may not involve 
a direct addition but may proceed through a "glycosyl-enzyme" complex. 
So far, only homoglycans have been prepared in the laboratory by use of 
enzymes. 

Gt—O—X + enzyme ^ Gt—enzyme + H—O—X 
Gt—enzyme + H—O—Gr 7± Gt—O—Gr -+- enzyme 

Although an oligosaccharide primer is helpful in initiating the formation 
of amylose from D-glucose 1-phosphate it is not clear whether a primer is 
of assistance in initiating all polysaccharide syntheses. Many of the en-

168. R. L. Whistler, E. Heyne, and J. Bachrach, J. Am. Chem. Soc. 71,1476 (1949). 
164· W. W. Binkley and M. L. Wolfrom, Sugar Research Foundation Set. Rept. 

Ser. No. 10 (1948). 
165. For reviews see E. J. Hehre, Advances in Enzymol. 11, 297 (1951); S. Peat, 

Advances in Enzymol. 11, 339 (1951) ; M. Stacey, Advances in Enzymol. 15, 301 (1954) ; 
S. A. Barker and E. J. Bourne, Quart. Revs. 7, 56 (1953). 
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zymes are obtained only as crude mixtures which undoubtedly contain 
impurities of "priming" power. The general requirement for primers in 
various enzyme systems will be determinable when pure enzymes become 
available for study. 

a. Amylose-Type Polysaccharides (See above under Starch) 

Phosphorylases, which occur in a wide variety of sources, converts D-glu-
cose 1-phosphate into an amylose type of polysaccharide with the forma-
tion of inorganic phosphate {166). The over-all reaction may be expressed 
as: 

n (C6Hu05OPH203) ^± (C6H10O5)n + n H 3 P0 4 

D-Glucose 1-phosphate Amylose-type Phosphoric 
polysaccharide acid 

In some instances, sugars and their derivatives may act as competitive 
inhibitors by functioning as receptors for the D-glucose unit undergoing 
transfer. The enzymic synthesis of amylose molecules preferably requires 
a polysaccharide or oligosaccharide primer. The synthetic polysaccharide is 
built unit by unit from the receptor's (primer's) nonreducing terminal 
group. Structural requirements of the receptor molecule vary for different 
phosphorylases. Potato phosphorylase requires a receptor {167, 168) (1) to 
be a 1—>4 linked a-glucan, (2) to have nonreducing terminal groups, and 
(3) to have chains of 3 to 20 D-glucose units. In contrast, jack-bean phos-
phorylase can function with amylose as a receptor molecule. 

Amylomaltase {169), an enzyme isolated from Escherichia coli, synthe-
sizes amylose-type molecules from maltose. Equilibrium is reached at about 
60 % conversion, the amylose-type product having an average chain length 
of 10 D-glucose units: 

n C12H22O11 ;=± (C6Hio05)n + n C6Hi206 

D-Maltose Amylose-type D-Glucose 
polysaccharide 

However, if the D-glucose formed is destroyed by glucose dehydrogenase, 
the reaction goes to completion, and a polysaccharide is produced which 
closely resembles normal amylose. 

166. W. Z. Hassid and R. M. McCready, / . Am. Chem. Soc. 63, 2171 (1941); W. 
Z. Hassid, G. T. Cori, and R. M. McCready, J. Biol. Chem. 148, 89 (1943). 

167. D. E. Green and P. K. Stempf, J. Biol. Chem. 142, 355 (1942); E. J. Bourne, 
D. A. Sitch, and S. Peat, J. Chem. Soc. p. 1448 (1949). 

168. E. C. Proehl and H. G. Day, J. Biol. Chem. 163, 667 (1946); J. M. Bailey, W. 
J. Whelan, and S. Peat, J. Chem. Soc. p. 3692 (1950). 

169. J. Monod and A. M. Torriani, Ann. Inst. Pasteur 78, 65 (1950). 
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b. Amylopectin-Type Polysaccharides (see also p. 682-3) 

Only linear polysaccharides are formed by phosphorylases, but amylo-
pectin and glycogen may be synthesized from D-glucose 1 -phosphate by the 
joint action of phosphorylase and a branching enzyme. The first enzyme 
of this type, Q-enzyme, was isolated from potatoes but since has been iso-
lated from various sources. Q-Enzyme can only synthesize α-D-l—*6 links 
and has no action upon D-glucose 1-phosphate. Through the joint action 
of phosphorylase and varying amounts of Q-enzyme, the extent of branch-
ing in the resultant polysaccharide can be varied over a wide range (170). 

Amylose when treated with Q-enzyme is converted into amylopectin in 
the absence of phosphate. This observation indicates that the enzyme is 
not a phosphorylase. Q-Enzyme can split the amylose chain into two frag-
ments and, by a transglycosylation mechanism, transfers one fragment to 
a second amylose chain to which it is joined through a 1—>6 a-D-glucosidic 
linkage. Branching occurs only when the amylose chains contain more than 
40 D-glucose units (171). Q-enzyme may be associated with a second en-
zyme (D-enzyme) which brings about disproportionation but without pro-
ducing branching (171a). 

An enzyme capable of synthesizing and cleaving 1—>6 a-D-glucosidic 
linkages is reported to occur in rabbit muscle (172). 

Amylosucrase (173) from Neisseria perflava utilizes sucrose for the syn-
thesis of polysaccharides with properties intermediate between those of gly-
cogen and amylopectin (174). Apparently, there are two enzymes respon-
sible for this synthesis; one enzyme converts sucrose into an amylose-type 
polysaccharide and the other enzyme, which is of the Q-enzyme type, 
breaks the straight chains to produce highly branched molecules. The 
resultant branched polysaccharides have about 12 D-glucose units for each 
nonreducing end unit. 

c. Cyclic Dextrins 

Enzymes from Bacillus macerans act on either the linear or branched 
components of starch to form cyclic dextrins termed Schardinger dextrins 

170. S. A. Barker, E. J. Bourne, S. Peat, and I. A. Wilkinson, J. Chem. Soc. p. 3022 
(1950). 

171. S. Nussenbaum, W. Z. Hassid, G. T. Cori, and B. Illingworth, J. Biol. Chem. 
2, 190 (1951); S. Nussenbaum and W. Z. Hassid, ibid. 196, 785 (1952). 

171a. S. Peat, W. J. Whelan, and W. R. Rees, J. Chem. Soc. p. 44 (1956); S. Peat, 
W. J. Whelan, and G. W. F. Kroll, ibid. p. 53 (1956). 

172. A. N. Petrova, Biokhimiya 14, 155 (1949); 17, 129 (1952); A. N. Petrova and 
E. L. Rozenfeld, ibid. 15, 309 (1950). 

178. E. J. Hehre and D. M. Hamilton, J. Biol. Chem. 166, 777 (1946) ; J. Bacteriol. 
55, 197 (1948). 

174- S. A. Barker, E. J. Bourne, and M. Stacey, / . Chem. Soc. p. 2884 (1950). 
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(175). The principal dextrins formed contain either 6 or 7 D-glucopyranose 
units linked in a ring (see above under Starch). In the presence of suitable 
" cosubstrates" such as D-glucose, D-maltose, and sucrose, the reaction re-
verses to produce linear polysaccharides (176). The macerans enzyme is 
similar in action to the Q-enzyme in that blocks of D-glucose units are trans-
ferred in contrast to individual D-glucose units. 

d. Dextrans (See also above under Leuconostoc Polysaccharides) 

Sucrose is converted into dextrans by various species of Leuconostoc or 
the dextran-sucrase enzymes isolated from these organisms (177). A 99% 
conversion of the D-glucose present in sucrose may be obtained by use of 
a pure enzyme. Phosphate plays no part in the synthesis, and the over-all 
action is not reversible: 

n C12H22O11 > (CeHioOe)»* + n CeH^Oe 
Sucrose Dextran D-Fructose 

The structures of the dextrans may be controlled by the type of enzyme 
preparation employed, by the type of initial receptor molecules, or by the 
addition of branched low-molecular-weight dextrans which produce prod-
ucts of low molecular weight (178). Some dextrans appear to have D-fruc-
tose end groups which are introduced into the molecule by sucrose acting 
as a receptor to initiate dextran synthesis. 

e. Mycodextran 

Mycodextran or nigeran is a unique glucan which is synthesized from 
maltose by Aspergillus niger. The essentially unbranched polysaccharide 
contains alternately arranged α-D-l—>4 and α-D-l—>3 linkages. It is possible 
that a few 1—>6 bonds are present. The end-group assay of mycodextran 
shows an average chain length of 300 to 350 D-glucose units (125). 

f. Levons 

Levan-sucrase isolated from species of Aerobacter or Bacillus synthesizes 
a fructan (levan) from sucrose or raffinose but not from D-fructose, invert 

175. F. Schardinger, Zentr. Bakteriol. Parasitenk., Abt. II 14, 722 (1905); 22, 98 
(1909); E. B. Tilden and C. S. Hudson, J. Am. Chem. Soc. 61, 2900 (1939). 

176. D. French, J. H. Pazur, M. L. Levine, and E. Norberg, J. Am. Chem. Soc. 
70, 3145 (1948). 

177. E. J. Hehre, Proc. Soc. Exptl. Biol. Med. 54, 18 (1943); W. W. Carlson, C. L. 
Rosano, and V. Whiteside-Carlson, / . Bacterial. 65, 136 (1953). 

178. H. J. Koepsell, H. M. Tsuchiya, N. N. Hellman, A. Kazenko, C. A. Hoffman, 
E. S. Sharpe, and R. W. Jackson, J. Biol. Chem. 200, 793 (1953). 
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sugar, or inulin. The over-all reaction (179) may be expressed by the follow-
ing equation: 

n C12H220n - » (ΟβΗιοΟδ)» -+ n C6Hi206 

Sucrose Levan D-Glucose 

Incomplete hydrolysis of sucrose by yeast invertase preparations pro-
duces, in addition to D-glucose and D-fructose, a number of oligosaccharides 
which are then hydrolyzed to different ratios of D-glucose and D-fructose 
(180, 181). Thus, one action of yeast invertase is to transfer D-fructosyl 
units to form 2—>6 D-fructofuranose linkages. (See also Chapter IX.) 

g. Inulin 

Thus far, inulin has not been synthesized by enzymes in vitro. However, 
by the action of a transfructosidase from Aspergillus oryzae upon sucrose 
(182,183) a trisaccharide has been obtained and shown to be 1-O-inulobio-
syl-D-glucoside [0-D-fructofuranosyl-(2—*1 )-0-D-fructofuranosyl-(2—»1) D-
glucopyranoside] (184). (See also Chapter IX.) 

h. Galactans 

No galactans of high molecular weight have yet been synthesized by 
enzymes in vitro. Galactotransferases (185, 186) from several sources have 
been isolated which will produce a galactosyllactose from lactose according 
to the equation (see Chapter IX) : 

2 Lactose—»galactosyllactose + D-glucose 

i. Cellulose 

Although cellulose is abundantly synthesized by plants and a host of 
microorganisms, the mechanism of its enzymic synthesis is still obscure. 
That a complex mechanism is involved is illustrated by the fact that a cellu-
lose produced by Acetobacter xylinum acting on D-glucose-1-C14 had 82% 
of the activity in C-l of the D-glucose units and the remainder equally dis-
tributed between C-3 and C-4. A distribution of label was also shown with 
D-mannitol-1-C14 or D-glucose-2-C14 as substrates. Thus, some of the original 

179. S. Hestrin and S. Avineri-Shapiro, Nature 152, 49 (1943); Biochem. J. 38, 2 
(1944). 

180. J. S. D. Bacon and J. Edelman, Arch. Biochem. 28, 467 (1950). 
181. P. H. Blanchard and N. Albon, Arch. Biochem. 29, 220 (1950). 
182. F . J. Bealing and J. S. D. Bacon, Biochem. J. 49, lxxv (1951). 
188. J. H. Pazur, J. Biol. Chem. 199, 217 (1952). 
184. J- S. D. Bacon and D. J. Bell, J. Chem. Soc. p. 2528 (1953). 
185. K. Wallenfels and E. Berat, Naturwissenschaften 38, 306 (1951). 
186. M. Aronson, Arch. Biochem. and Biophys. 39, 370 (1953). 
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hexose units must be cleaved prior to cellulose formation (187). Cellulose 
(188) produced by Acetobacter acetigenum has an average chain length of 
600 £-D-glucose units (181). 

j . Miscellaneous 

Pure maltose (but not maltose contaminated with D-glucose) is fermented 
incompletely with bakers' yeast. The behavior is explained in part by the 
formation of a nonfermentable substance with a lower reducing power 
than maltose, probably an oligosaccharide (189). 

B. ACID REVERSION 

Acid hydrolysis of polysaccharides is an equilibrium process in which 
monosaccharides are in equilibrium with polysaccharides and oligosaccha-
rides, some of which are formed by recondensation. Monosaccharides are 
favored in dilute solutions, whereas polymers are favored in concentrated 
solutions. By alteration of the concentration of substrates, the equilibrium 
of the reaction can be altered repeatedly from almost pure monosaccharide 
to a mixture of monomeric and polymeric carbohydrates (190). The rate 
at which equilibrium is reached for a given sugar concentration is dependent 
upon the temperature and the pH of the reaction mixture. Although a com-
plex mixture of recondensation products is formed because all free hydroxyl 
groups on each sugar can participate, condensation preferably occurs 
through primary hydroxyl groups. Thus, a 25% solution of D-glucose in 
concentrated hydrochloric acid produces a mixture of disaccharides of 
which the main components are isomaltose and gentiobiose (191). (See 
under Glucose, Chapter II). A 50% solution of D-glucose in 5% hydro-
chloric acid on rapid evaporation at 0 to 45° is said to give in 15 to 20% 
yield a glucan containing some 42 sugar units (192). Cationic resins also 
can cause condensation of D-glucose (193). 

187. F . W. Minor, G. A. Greathouse, H. G.-Shirk, A. M. Schwartz, and M. Harris, 
«/. Am. Chem. Soc. 76, 5052 (1954); F. W. Minor, G. A. Greathouse, and H. G. Shirk, 
ibid. 77,1244 (1955) ; see also S. Hestrin and M. Schramm, Biochem. J. 58, 345 (1954). 

188. R. Kaushal and T. K. Walker, Biochem. J. 48, 618 (1951). 
189. M. G. Blair and W. Pigman, Arch. Biochem. and Biophys. 48, 17 (1954). 
190. W. R. Fetzer, E. K. Crosby, C. E. Engel, and L. C. Kirst, Ind. Eng. Chem. 

45, 1075 (1953). 
191. E. Fischer, Ber. 28, 3024 (1895). 
192. E. Pacsu and P. T. Mora, / . Am. Chem. Soc. 72, 1045 (1950). 
198. G. Zemplén and L. Kisfaludy, Ada Chim. Acad. Sei. Hung. 4, 79 (1954). 
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Part II 

Animal Polysaccharides (Zoöpolysaccharides or 
Zoöglycans) and Glycoproteins 

WARD PIGMAN AND DAVID PLATT* 

1. DISTRIBUTION AND CLASSIFICATION 

The complex carbohydrates of animal tissues include a wide range of 
compounds of interesting and varied distribution. The nuclei and cyto-
plasm of all cells contain relatively large amounts of nucleic acids believed 
vital to protein synthesis and cell growth. As a reserve storage for metabolic 
processes and energy production, glucose is found in most cells, notably in 
muscle and liver as the polymer glycogen. The cytoplasmic granules that 
distinguish the mast cell from all other cells may consist of heparins. Certain 
hormones and enzymes are known to consist partly of carbohydrates. The 
clear viscid secretion of "mucus" that coats and protects the respiratory, 
digestive, and reproductive passages probably owes its distinctive proper-
ties to a high content of high-molecular-weight carbohydrates. The support-
ing or connective tissues, such as cartilage and bone, contain important 
amounts of acidic carbohydrates, which owe their acidity usually to the 
presence of carboxyl or sulfate groups. Embryonic tissues and certain new 
growths of neoplasms appear to be rich in complex carbohydrates. On the 
basis of their carbohydrate components, the finer supporting structures 
(e.g., reticulum, basement membranes, and much so-called "ground sub-
stance") are demonstrated histologically. In health, all of the body fluids 
contain detectable quantities of carbohydrates or glycoproteins in fairly 
uniform amounts. Changes in the carbohydrates of the intercellular ground 
substance may play a significant part in derangements such as arthritis, 
arteriosclerosis, diabetes mellitus, and others. Polysaccharides are also 
significant in immunological or allergic reactions and the "resistance" to 
disease processes. In many lower animals, such as insects and Crustacea, 
chitin is a major component of the structural substance. 

Many of the zoöpolysaccharides exist in the living animal and in isolated 
products as loose salt complexes or chemically bonded with proteins (or 
with lipids or both). As a result, research into the composition of these 
materials has been made especially difficult because of the difficulties of 
purification, the lack of criteria for purity, the paucity of suitable analytical 
methods, and the general problem of the removal of the noncarbohydrate 
components. 

* The sections on glycogen and chitin were prepared by R. Whistler and W. Cor-
bett. 
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Relatively few zoöpolysaccharides have been isolated in pure condition, 
and few have had a fairly complete structural analysis. Glycogen, chitin, 
hyaluronic acid, heparin, chondroitin sulfates, and the blood-group poly-
saccharides are the best known and defined. The early work in this field has 
been summarized by P. A. Levene (1), who is also responsible for much of 
the nomenclature. Among the early workers were 0 . Schmiedeberg, F. Mül-
ler, 0 . Hammersten, C. Neuberg, P. A. Levene, and associates. 

Systems of· nomenclature for these substances have been proposed by 
Levene (1), Meyer (#), Stacey (8), Masamune (4), Winzler (5), and Blix (6). 

The following classification is primarily a modification of those previously 
suggested, developed to follow general usage as far as possible and to reflect 
the new knowledge in the field: 

Classification of Zoöpolysaccharides, Conjugates, and Related 
Compounds 

I. Zoöglycans (Zoöpolysaccharides). The polysaccharides of animals, 
or the polysaccharide portion of glycoproteins and other combina-
tions. 
A. Homozoöglycans (homozoöpolysaccharides) (glycogen, galac-

tan, and chitin). Zoöpolysaccharides which contain only one 
type of monosaccharide or simple derivative (hexosamine). 

B. Heterozoöglycans (heterozoöpolysaccharides). Zoöpolysaccha-
rides which contain two or more types of monosaccharide, hex-
osamine, or uronic acid. (Examples: Hyaluronic acid, chondroitin 
sulfate, heparin, blood-type polysaccharides, keratosulfate.) 

II . Protein-Zoöpolysaccharide complexes. 
A. Mucoproteins. Dissociable complexes with salt linkages, or possi-

bly mixtures. 
B. Glycoproteins. Stable combinations, covalently bonded and 

frequently synonymous with "mucoids." These or polysaccha-
rides may constitute the carbohydrate components of the muco-
proteins. 

1. P. A. Levene, "The Hexosamines and Mucoproteins." Longmans, Green, Lon-
don, 1925. 

2. K. Meyer, in "Some Conjugated Proteins" (W. H. Cole, ed.), Rutgers Press, 
New Brunswick, 1953. 

8. M. Stacey, Advances in Carbohydrate Chem. 2,161 (1946). 
4. H. Masamune, Tôhoku J. Exptl. Med. 50, 107 (1949). This paper is a summary 

of the work by H. Masamune and many associates in the series "Biochemical Studies 
of the Carbohydrates" over the period 1933 to 1949 at the Medical-Chemical Insti-
tute, Tohoku University, Sendai, Japan; 170 parts had appeared by 1955. 

5. R. J. Winzler, in "Methods of Biochemical Analysis" (D. Glick, ed.), Vol. II, 
p. 279. Interscience, New York, 1955. 

6. G. Blix, Acta Physiol. Scand. 1, 29 (1940). 



XII. POLYSACCHARIDES: PART II 711 

III . Zoöglycolipides. 
IV. Zoöglycolipoproteins. 
As indicated in the first part of the chapter, this type of classification 

based on the occurrence of polysaccharides offers some disadvantages, par-
ticularly in that some materials such as chitin, hyaluronic acid, and cellu-
lose occur in plants or microorganisms as well as in animals. However, until 
more chemical work is done, a strictly chemical classification does not seem 
feasible. The conflicting classifications and nomenclature in this field need 
standardization and agreement. 

Of the terms which have been used in this field, zoöpolysaccharide or 
zoöglycan (especially heterozoöpolysaccharide) corresponds most closely 
to the "mucopolysaccharide" of Meyer, who defines a mucopolysaccharide 
as one which contains a hexosamine unit. 

The term "glycoprotein" has had diverse meanings. In its oldest and 
most general usage (7a), its significance is that of a conjugated carbohy-
drate protein; this usage in the sense of a firm combination is continued 
here. Meyer defines a glycoprotein as a firmly bound conjugate which con-
tains less than 4% hexosamine; Masamune considers glycoproteins as dis-
sociable complexes; Stacey gives the term "mucoprotein" approximately 
the same significance as the "glycoprotein" of Meyer. Some of the proteins 
of dissociable protein-carbohydrate complexes (mucoproteins according to 
Meyer) appear to contain small amounts of bound hexosamine and hexose; 
Masamune calls these proteins "glycidamins"; others have used "mucoid" 
for similar products. These terms, and others like mucin, should be used 
with caution, since it is questionable whether mixtures (if some of these 
products are such) should be given specific names. At this stage, names 
such as mucoproteins and mucins correspond somewhat to the term "hemi-
cellulose" as used in plant products. 

Mucus usually is the clear viscid secretion coating the surfaces of mucous 
membranes. Histologically, it appears to be produced usually by specific 
cells, such as "goblet cells." The "ground substance" (or intercellular mate-
rial) of many connective tissues is physically similar to mucus, but the 
origin is uncertain, and it differs in staining properties. The staining char-
acteristics of mucus are those for wc-glycol groups or acidic groups (Chap-
ter XI) and are ascribed to the presence of mucins in the mucus. However, 
this terminology has undergone considerable changes (7b). The best-known 
mucins are those obtained from the mucous membranes, salivary glands, 
synovial fluids, eggs, and snails. The name "mucin" usually has the sig-
nificance of a mucoprotein, especially of those in the secretions of the mu-
cous membranes. Mucins are precipitated as a gummy, stringy mass by 

7a. Committee on Protein Nomenclature, J. Biol. Chem. 4, xlviii (1908). 
76. See for example K. Meyer, Advances in Protein Chem. 2, 251 (1945). 
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TABLE I 

OCCURRENCE OF SOME HETEROPOLYSACCHARIDES IN MESENCHYMAL T I S S U E S 0 

Group 

I 

II 
I II 

IV 

V 

Tissue 

Vitreous humor 
Synovial fluid 
Mesothelioma 
Hyaline cartilage 
Heart valves 
Tendon (pig and calf) 
Aorta 
Skin (pig and calf) 
Umbilical cord 
Cornea 

Hyalu-
ronic 
acid 

+ . 
+ 
+ 

+ 
+ 

ChS-A* 

+ 

+ 

ChS-
B« 

+ 
+ 
+ 
+ 

ChS-O 

+ 
+ 
+ 
+ 

+ 

Chond-
roitin 

+ 

Kerato-
sulfate 

+ 
a ChS = Chondroit in sulfate. 

weak acids and are soluble in alkalies and strong acids. They give a "mucin 
clot" when the secretion is diluted tenfold with a weak acid ( 1 % acetic 
acid). The term mucoid usually means a water-soluble glycoprotein. The 
mucoids sometimes are precipitated by weak acids, but the flocculent pre-
cipitate is not a typical mucin precipitate. 

Levene (1) classified many of these materials as chondroitin sulfates or 
mucoitin sulfates on the basis of the presence of sulfate groups and on the 
nature of the hexosamine components, D-galactosamine in chondroitins 
and D-glucosamine in mucoitins. In current practice, mucoitin as used earlier 
and by Masamune is known as the substance hyaluronic acid (Karl Meyer). 
The early described mucoitin sulfates (1), which are similar to the hyalu-
rono-sulfates of Karl Meyer, appear to have been mixtures (8, 9) of several 
materials; it would seem that the term mucoitin should be discarded. The 
usual components of "mucoitin sulfate" appear to be hyaluronic acid, the 
keratosulfate of Meyer (10) (apparently the same as the tendomucoid-a of 
Sasaki (4) and the corneal polysaccharide of Woodin (11)), and the limacoi-
tin sulfate of Masamune (4) (possibly one of the chondroitin sulfates B or C 
of Meyer) (12).^On the other hand, LeveneJs chondroitin sulfate (1) is a 
definite substance, but two other compounds of apparently closely similar 
structure have been isolated (see below). 

8. R. Satoh, Tôhoku J. Exptl. Med. 56, 387 (1952). 
9. W. P . Deiss and A. S. Leon, J. Biol. Chem. 215, 685 (1955). 
10. K. Meyer, A. Linker, E . A. Davidson, and B . Weissmann, J. Biol. Chem. 205, 

611 (1953). 
11. A. M. Woodin, Biochem. J. 51, 319 (1952). 
12. K. Meyer and M. M. Rappor t , Science 113, 596 (1951). 
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The distribution of several of these zoöpolysaccharides in some tissues 
of higher animals is given (13) in Table I. 

The free and bound heterozoöpolysaccharides contain only a rather re-
stricted group of sugars in the basic units (4y H). Usually a hexuronic acid 
and a iV-acetylhexosamine compose the apparent repeating units. Some-
times, the uronic acid is replaced by a hexose. Sulfate ester groups may be 
present. Known acids are D-glucuronic, D-galacturonic (4), and L-iduronic 
(14a) acids; the hexoses are D-mannose, D-galactose, and L-fucose. 
D-Glucosamine and D-galactosamine are the known hexosamines, occa-
sionally occurring together. "Sialic acid" (see below) may be a frequent 
component of such materials. Remarkably, D-glucose apparently occurs 
rarely if ever in heterozoöpolysaccharides and glycoproteins. Since colori-
metric identifications are often used for the component sugars and deriva-
tives, the DL-allocation often is arbitrary; this is particularly true for 
fucose, which in a few known instances has been shown to be the L-isomer. 

2. REASONABLY WELL-DEFINED ZOÖPOLYSACCHARIDES 

A number of zoöpolysaccharides have been isolated in purified condition 
and the structures partially established. Many of these are bound with 
other tissue components in the natural condition. They are isolated from 
the macerated tissues or the secretions by extraction with alkalies or salts 
(especially calcium chloride). Mucins and many mucoids are precipitated 
by weak acids, and their polysaccharide components are subsequently re-
covered. If dissociable, proteins may be removed by precipitation with 
amyl alcohol - chloroform (Sevag) or formaldehyde (Masamune). Peptic 
or tryptic digestion may remove these and covalently bound proteins. Col-
orimetric, Chromatographie, and isolation methods have been used for the 
identification of the component sugars (5> 14, 15-16b). (See also under 
Glucosamine, Chapter VIII, Uronic acids, Chapter VI and part I, Chap-
ter XII.) 

The action of enzymes on zoöpolysaccharides provides a valuable method 

IS. K. Meyer, in "Connective Tissues in Health and Disease" (G. Asboe-Hansen, 
ed.), p. 54 Munksgaard, Copenhagen, 1954. 

14. I. Werner, Ada. Soc. Med. Upsaliensis 58, 1 (1953). 
14a. P. Hoffman, A. Linker, and K. Meyer, Science 124, 1252 (1956). 
15. H. Masamune and K. Ogawa, Tôhoku J. Exptl. Med. 60, 11, 23, 33, 41 (1954); 

H. Masamune and M. Maki, ibid. 55, 299 (1952); B. Weissmann, K. Meyer et al., J. 
Biol. Chem. 205, 205 (1953) ; 208, 417 (1954) ; E. A. Davidson and K. Meyer, ibid. 211, 
605 (1954). 

16a. Z. Dische, in "Methods of Biochemical Analysis" (D. Glick, ed.), Vol. II , 
p. 313. Interscience, New York, 1955. 

16b. R. W. Jeanloz, in "Proceedings of the Third International Congress of Bio-
chemistry, Brussels, 1955" (C. Liébecq, ed.), p. 65. Academic Press, New York, 1956. 
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for their identification and characterization. Hyaluronidase preparations 
from different sources, probably because of the presence of variable amounts 
of other components such as ß-glucuronidase, exhibit differing behaviors. 
The pneumococcal (type II) hyaluronidase and probably other bacterial 
hyaluronidases appear highly specific for known hyaluronic acid, whereas 
testicular hyaluronidase also hydrolyzes some of the chondroitin sulfates 
(A and C) (0, 12). The hyaluronidases obtained from various sources also 
differ in their enzymic action on hyaluronic acid (see Hyaluronic acid). 

Three homozoöpolysaccharides (glycogen, chitin, and lung galactogen) 
have been studied. The remaining heterozoöpolysaccharides are composed 
of more than one type of sugar residue. The well-defined products are de-
scribed individually below. Complexes of these with proteins are covered 
in a subsequent section. 

A. GLYCOGENS 

Glycogens are present in the cells of all animals and are the principal 
reserve polysaccharides of the animal world. In function and structure they 
correspond closely to the starches of plants. They occur abundantly in liver, 
tissues of the crayfish body wall, and to a lesser extent in muscle, yeast, 
and higher fungi. Sweet corn contains a low-molecular-weight amylo-
pectin (17) which, because of its similarity to glycogen, is called "phyto-
glycogent' The properties of the glycogens vary according to the source; 
although glycogens of different origin may be similar in iodine stain-
ing power, optical rotation, and attack by enzymes, there is evidence that 
they are not identical. A portion of the glycogen in the cell is water soluble 
and a portion is insoluble, possibly because it is combined with protein. 
However, as glycogens occur with different degrees of polymerization, it is 
expected that they would have different solubilities. 

Glycogens may be extracted from tissue with hot water, dilute trichloro-
acetic acid, or chloral hydrate but are usually removed by hot 30 % potas-
sium hydroxide solution. They are usually precipitated from the latter 
solution by alcohol. Some possibility exists that the alkaline extraction 
causes degradation (18, 19). 

Diffusion and sedimentation experiments suggest that glycogen molecules 
exist in solution as flat ellipsoids. The water-soluble portions have a molecu-
lar weight of about 5,000,000, whereas the insoluble glycogen fractions have 
molecular weights two or three times this figure. Methylation and periodate 

17. W. Dvonch and R. L. Whistler, J. Biol. Chem. 181, 889 (1949) ; W. Z. Hassid and 
R. M. McCready, / . Am. Chem. Soc. 63, 1632 (1941). 

18. W. N. Haworth and E. G. V. Percival, J. Chem. Soc. p. 2277 (1932). 
19. D. J. Bell, H. Gutfreund, R. Cecil, and A. G. Ogston, Biochem. J. 42, 405 

(1948); M. R. Stetten, H. M. Katzen, and D. Stetten, Jr., J. Biol. Chem., 222, 587 (1956); 
see this article also for later work on molecular weights and metabolism. 
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oxidation show glycogens to be branched structures similar to amylopectins 
in that the molecules consist of chains of 1—>4 linked a-D-glucopyranose 
units with a-1—>6 links at the branch points (20, 21). The average length of 
a branch in a glycogen molecule is either 12 or 18 D-glucopyranose units, 
depending upon the source (20-23) of the glycogen, but in both types the 
branch lengths are less than the 25 to 27 units of amylopectin branches. 
Further evidence for the presence of 1—>4 and 1—»6 a-D-glucopyranosidic 
linkages is shown by the isolation in relatively large yields of maltose and 
isomaltose from partially hydrolyzed glycogen (24). 

It has been reported that glycogens contain, in addition to D-glucose 
units, nitrogen, phosphorus, and uronic acid groups, but these reports have 
not been substantiated. Maltulose has been isolated from the products of 
α-amylase action on rabbit liver glycogen (25). 

Amylases act on glycogen in a manner closely similar to that on amy-
lopectin (see under Starch). As the storage product of carbohydrates in 
the animal body, glycogen is in equilibrium with other tissue components 
through the metabolic processes (Chapter XIII) . 

B. CHITIN (26,27) 

Lower members of the animal world use the aminopolysaccharide chitin 
in structural tissues. I t is also found in fungi and in insects. Chitin resembles 
cellulose in its chemical and biological properties. 

Crab, shrimp, and lobster shells, waste products of the sea food industry, 
are the best sources of the polysaccharide. Calcium carbonate is first re-
moved by hydrochloric acid and then protein and other organic impurities 
by extraction with sodium or potassium hydroxide solutions. Complete 
acid hydrolysis of chitin, although requiring drastic conditions, yields al-
most theoretical amounts of D-glucosamine and acetic acid (Chapter VIII), 
whereas controlled acid or enzyme hydrolysis produces iV-acetyl-D-glucosa-
mine. Acetolysis of chitin or acetylation of the partial acid hydrolysis prod-
ucts gives among other products chitobiose octaacetate which has been 

20. W. N. Haworth, E. L. Hirst, and F. A. Isherwood, J. Chem. Soc. p. 577 (1937) ; 
W. N. Haworth, E. L. Hirst, and F. Smith, J. Chem. Soc. p. 1914 (1939). 

21. K. Myrbäck, Advances in Carbohydrate Chem. 3, 251 (1948). 
22. D. J. Bell, Biochem. J. 29, 2031 (1935); 30, 2144. (1936); 31, 1683 (1937). 
28. T. G. Halsall, E. L. Hirst, and J. K. N. Jones, J. Chem. Soc. p. 1399 (1947). 
S4. M. L. Wolfrom, E. N. Lassettre, and A. N. O'Neill, J. Am. Chem. Soc. 73, 595 

(1951). 
26. S. Peat, P. J. P. Roberts, and W. J. Whelan, Biochem. J. 51, xvii (1952). 
26. P. W. Kent and M. W. Whitehouse, "Biochemistry of the Aminosugars.,, 

Academic Press, New York, 1955. 
27. R. L. Whistler and C. L. Smart, "Polysaccharide Chemistry." Academic Press, 

New York, 1953. 
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shown to consist of two ΛΓ-acetyl-D-glucosamine units linked by a 1—>4 
0-glycosidic bond. This and other evidence suggests that chitin is a linear 
polymer of chitobiose. 

ÇH2OH H HNCOCH3 
-O 

-O 

HNCOCH3 

Repeating unit of chitin 

C. GALACTAN 

A homozoöpolysaccharide composed of D-galactose has been isolated 
from beef lung {28), A galactan composed of D-galactose and L-galactose 
has been isolated from the eggs of Helix pomatia. Following methylation 
and hydrolysis, 2,4-di-O-methyl-D-galactopyranose and 2,3,4,6-tetra-
O-methyl-DL-galactopyranose were isolated {29). On the basis of optical 
rotation data, the D/L ratio is indicated to be 6:1. 

D. HYALURONIC ACID 

Hyaluronic acid was first isolated by Karl Meyer from vitreous 
humor {SO) and later from umbilical cord, synovial fluid, skin, cock's comb, 
certain fowl tumors, groups A and C hemolytic streptococci, and other 
sources {81). Historically, it has been a major and frequent if not universal 
component of Levene's so-called "mucoitin sulfates." The polysaccharide 
acts in animal tissue presumably as an integral part of the gel-like ground 
substance of connective tissue (and other tissues). Another important func-
tion of hyaluronic acid in animals is serving as a lubricant and shock ab-
sorbant in the joints. 

Hyaluronic acid is generally prepared from umbilical cords. Most of the 
protein is removed by digestion with pepsin and trypsin, and the residual 
protein is separated by the chloroform - amyl alcohol procedure. Hyaluronic 
acid may be precipitated by fractionation with ammonium sulfate in the 
presence of pyridine {32). This step also removes a contaminating poly-
saccharide sulfate. 

Hyalbiouronic acid, the deacetylated disaccharide obtained by action of 

28. M. L. Wolfrom, D. I. Weisblat, J. V. Karabinos, and O. Keller, Arch. Biochem. 
14, 1 (1947). 

29. D. J. Bell and E. Baldwin, J. Chem. Soc. p. 125 (1941); E. Baldwin and D. J. 
Bell, ibid. p. 1461 (1938). 

80. K. Meyer and J. W. Palmer, J. Biol. Chem. 107, 629 (1934). 
81. K. Meyer and M. M. Rapport, Advances in Enzymol. 13, 199 (1952). 
82. R. W. Jeanloz and E. Forchielli, / . Biol. Chem. 186, 495 (1950). 
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testicular hyaluronidase followed by mineral acid hydrolysis, has been 
characterized as 3-0-(/3-D-glucopyranosyluronic acid)-2-amino-2-deoxy-D-
glucose (33). Hyaluronic acid may be an unbranched or nearly unbranched 
polymer with the structure shown, but definite evidence for the linear nature 
has not been presented. The gelling properties of hyaluronic acid solutions 
would more likely be a property of a branched molecule, but cross-linking 
with salts (see Pectins) might cause gel formation. 

C02H 

CH2OH H y H ^ ° v 

H 0 \ | | / H H OH 

H HNCOCH3 

Repeating unit of hyaluronic acid 

Conflicting evidence has been presented indicating 1—»3 (34), 1—>4 (3δ), 
or mixed 1—>3- and 1—>4-linkages (36) between iV-acetyl-D-glucosamine 
and D-glucuronic acid, but the evidence for the 1—>4 linkage is the strongest 
(36a). The claim that hyaluronic acid was composed of a chitin core with 
polyglucosiduronic acid side chains (37) has been disproven by an analysis 
of the oligosaccharides formed by the action of testicular hyaluronidase (38). 

In some samples of hyaluronic acid, the molar ratio of glucuronic acid to 
glucosamine appears to be greater than one (39). The molecular weight of 
umbilical hyaluronic acid as determined by light scattering has been re-
ported as three to four million (40) and also as eight million (41)» 

Mucosin (42) and mucoitin (43) appear to be identical with hyalbiouronic 
acid and hyaluronic acid, respectively. 

Very little is known about the biosynthesis of mammalian hyaluronic 
acid. Most of the work concerning the production of hyaluronic acid has 
been limited to that elaborated by group A streptococci. The C14 from glu-

88. B. Weissmann and K. Meyer, / . Am. Chem. Soc. 76, 1753 (1954). 
84. R. W. Jeanloz and E. Forchielli, J. Biol. Chem. 190, 537 (1951). 
85. K. H. Meyer, J. Fellig, and E. H. Fischer, Helv. Chim. Ada 34, 939 (1951). 
86. G. Blix, Ada Chem. Scand. 5, 981 (1951). 
86a. A. Linker, K. Meyer, and P. Hoffman, / . Biol. Chem. 219, 13 (1956). 
87. M. A. G. Kaye and M. Stacey, Biochem. J. 48, 249 (1951). 
88. B. Weissmann, K. Meyer, P. Sampson, and A. Linker, J. Biol. Chem. 208, 417 

(1954). 
89. A. G. Ogston and J. E. Stanier, Biochem. J. 52, 149 (1952). 
40. T. C. Laurent and J. Gergely, J. Biol. Chem. 212, 325 (1955). 
41. B. S. Blumberg and G. Oster, Science 120, 432 (1954). 
42. T. Isikawa, Tôhoku J. Exptl. Med. 53, 217 (1951). 
48. M. Suzuki, / . Biochem. (Japan) 28, 479 (1938). 
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cose-l-C14 or glucose-6-C14 was incorporated in approximately equal 
amounts at carbons 1 or 6, respectively, of the glucosamine and glucuronic 
acid moieties of the polysaccharide (44)· These results indicate that glucose 
was converted to glucuronic acid and glucosamine without previous scission 
of the glucose. C14N15-Glucosamine was incorporated into the streptococcal 
hyaluronic acid without previous deamination (45). The pathway beginning 
with iV-acetyl-D-glucosamine is uncertain. Some of the C14 of the acetyl-
labeled sugar appeared in hyaluronic acid, but the streptococcal organism 
was shown to be capable of using acetate added free and also of 
deacetylating the acetyl aminosugar. 

Studies have been carried out on the hyaluronic acid and chondroitin 
sulfate fractions of skin {46a) formed with C14-carboxyl-labeled acetate as a 
carbon source. The major site of incorporation of C14 was in the iV-ace,tyl 
moiety. The rate of incorporation of C14 into hyaluronic acid seems to be 
three times that of the incorporation into the chondroitin sulfate fraction. 

Similar studies were carried out using C14 uniformly labeled glucose (46b). 
The results paralleled those obtained using the labeled acetate. The iV-acety] 
and glucosamine moieties of hyaluronic acid metabolized at the same rate. 
The components of chondroitin sulfate appeared to be converted into the 
polysaccharide at the same rate but at a rate slower than that for hyaluronic 
acid. 

Of pronounced biological importance is the existence of an enzyme or 
enzymes (31) capable of hydrolyzing hyaluronates. The enzymes are very 
widespread, being found in a great variety of pathogenic organisms, in the 
venoms of many snakes and insects, in the salivary glands of leeches, and 
in certain insects. The enzymes are also found in animal tissues and are 
present at rather high concentrations in testes. Hyaluronidases are em-
ployed to aid the spreading and uptake of certain medicaments injected 
intramuscularly and subcutaneously. The enzymes are also of value in the 
treatment of traumatic swellings. Pneumococcal hyaluronidase hydrolyzes 
hyaluronic acid to disaccharide units consisting of a uronic acid and 
iV-acetyl-D-glucosamine (47). Testicular hyaluronidase acts in a manner 

44- S. Roseman, F. E. Moses, J. Ludowieg, and A. Dorf man, J. Biol. Chem. 203, 
213 (1953); S. Roseman, J. Ludowieg, F. E. Moses, and A. Dorfman, / . Biol. Chem. 
206, 665 (1954). 

45. A. Dorfman, S. Roseman, F. E. Moses, J. Ludowieg, and M. Mayeda, J. Biol. 
Chem. 212,583 (1955). 

46a. S. Schiller, M. B. Mathews, L. Goldfaber, J. Ludowieg, and A. Dorfman, 
J. Biol. Chem. 212, 531 (1955). 

46b. S. Schiller, M. B. Mathews, J. A. Cifonelli, and A. Dorfman, J. Biol. Chem. 
218, 139 (1956). 

47. M. M. Rapport, A. Linker, and K. Meyer, J. Biol. Chem. 192, 283 (1951); A. 
Linker and K. Meyer, Nature 174, 1192 (1954). 
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similar to that of pneumococcal hyaluronidase by cleaving only iV-acetyl-
glucosaminidic bonds, but cleavage is less complete. The uronic acid present 
in the disaccharide isolated following the action of pneumococcal hyaluroni-
dase appears to be aA-4,5-glucoseenuronic acid (36a), whereas D-glucuronic 
acid is found in the disaccharide produced by the action of testicular 
hyaluronidase. 

E. CHONDROITIN SULFATES 

Chondroitin sulfates are among the principal zoöpolysaccharides of the 
ground substance in mammalian tissue and in cartilage. Cattle nasal carti-
lage has been the chief source for the preparation of chondroitin sulfate (1), 
generally extracted by calcium chloride (48) or potassium chloride solu-
tion (49). 

Three chondroitin sulfates have been isolated (12). These have been 
distinguished as A, B, and C (see Table I). Chondroitin sulfate A is the 
major chondroitin sulfate of bovine nasal septa and trachea. These products 
have been distinguished from each other on the basis of optical rotation 
and by their behavior to testicular hyaluronidase. The chondroitin sulfates 
A and C appear to consist of equimolar quantities of iV-acetyl-2-amino-
2-deoxy-D-galactose (iV-acetylchondrosamine), D-glucuronic acid, and 
sulfuric acid. Chondrosine, the deacetylated disaccharide unit obtained by 
acid hydrolysis of presumed chondroitin sulfate A, is 3-0-(ß-D-glucopyrano-
syluronic acid)-2-amino-2-deoxy-D-galactopyranose (50). Definite proof of 
the identification of the uronic component as glucuronic acid has not been 
offered for the C product. However, L-iduronic acid has been tentatively 
identified as the uronic acid of chondroitin sulfate B (14a)-

C02H 

HNj S / H H OH 

H HNCOCH3 

Repeating unit of chondroitin sulfate 

On the basis of the results of methylation, periodate oxidation, and oxida-
tive deamination with ninhydrin, the structure shown above is proposed 
(50, 51a, 51b) for the repeating unit of chondroitin sulfate A. 

48. K. Meyer and E. M. Smyth, J. Biol. Chem. 119, 507 (1937). 
49. J. Einbinder and M. Schubert, J. Biol. Chem. 185, 725 (1950); 191, 591 (1951). 
50. E. A. Davidson and K. Meyer, / . Am. Chem. Soc. 76, 5686 (1954). 
51a. K. H. Meyer and G. Baldin, Helv. Chim. Ada 36, 597 (1953). 
61b. E. A. Davidson and K. Meyer, J. Am. Chem. Soc. 77, 4796 (1955). 
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The linkage between repeating units appears to be of the 1—>4 type (51b). 
The linkages of chondroitin sulfate are similar to the linkages in hyaluronic 
acid. The position of the sulfate group has not yet been established and may 
be at C-4 or C-6 of the galactosamine unit. 

Highly purified chondroitin sulfuric acid from bovine cartilage has an 
osmotic molecular weight (52) of 43,300 in contrast to the less likely value 
of 260,000 estimated from viscosity data (58a). 

Chondroitin, the nonsulfated polysaccharide, has been isolated from the 
corneal "hyaluronosulfate fraction" of Meyer (54a). I t appears to be the 
desulfated chondroitin sulfate A or C. Chondrosine, the disaccharide ob-
tained by the acid hydrolysis of this chondroitin, has an infrared absorption 
spectrum identical with that of the chondrosine of chondroitin sulfate A. 
An unsaturated acid is present in the disaccharide isolated following the 
action of pneumococcal hyaluronidase on chondroitin and desulfated chon-
droitin sulfate (54b). 

So-called ß-heparin, an anticoagulant isolated from the lung (55), is 
probably chondroitin sulfate B, for it contains approximately equimolar 
quantities of iV-acetyl-D-galactosamine, a uronic acid (L-iduronic acid-?) 
and sulfuric acid (14a)· I t has about one-third of the anticoagulant activity 
of the usual heparin ("a-heparin"). 

Mixed digests of hyaluronic acid and chondroitin sulfate (A or C) with 
testicular hyaluronidase yield, in addition to the degradation products 
from the parent polysaccharides, products of transglycosylation, consisting 
of "hybrid" oligosaccharides and containing repeating units from both 
polysaccharides (58b). 

F. HEPARIN (56) 

Heparin ("a-heparin"), a blood anticoagulant, is found in liver, lung, 
thymus, spleen, and blood. It can be extracted from autolyzed beef liver 
by sodium hydroxide. After tryptic digestion of the proteins, heparin is 
precipitated with acidic ethanol (57). Heparin is usually crystallized as the 
barium salt. Purification through the free acid and reformation of the bar-
ium salt causes a decrease in the activity, as heparin is labile toward acidic 

62. M. B. Mathews and A. Dorfman, Arch. Biochem. and Biophys. 42, 41 (1953). 
58a. G. Blix and O. Snellman, Arkiv. Kemi Mineral. Geol. A19, No. 32 (1945). 
68b. P. Hoffman, K. Meyer, and A. Linker, J. Biol. Chem. 219, 653 (1956). 
64a. E. A. Davidson and K. Meyer, J. Biol. Chem. 211, 605 (1954). 
64b. A. Linker, K. Meyer, and P. Hoffman, Abstr. Papers Am. Chem. Soc. Atlantic 

City, p. 16D (1956). 
55. R. Marbet and A. Winterstein, Helv. Chim. Ada 34, 2311 (1951) ; I. Yamashina, 

Ada Chem. Scand. 8,1316 (1954). 
56. J. E. Jorpes, "Heparin, Its Chemistry, Physiology and Application in Medi-

cine.,, Oxford U. P., London, 1939; A. B. Foster and A. J. Huggard, Advances in Carbo-
hydrate Chem. 10, 336 (1955). 

67. A. F. Charles and D. A. Scott, Biochem. J. 30,1927 (1936). 
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reagents. Heparin is a polymer of D-glucuronic acid and D-glucosamine. 
The amino group and some of the hydroxyls are sulfated (58). The D-glu-
curonic acid is decarboxylated during acid hydrolysis and liberates carbon 
dioxide. The molecular weight of heparin appears to be about 17,000 to 
20,000. The probable repeating unit (59) is given in the accompanying for-
mula. 

CH2OH C02H 

Ba/2 0S020 , . . . . . . 
H HNS02OBa/2 H OH H HNS02OBa/2 H 

Repeating unit of heparin 

"0-Heparin," another anticoagulant, has been isolated from lung (55a). 
(See under Chondroitin sulfate.) 

G. BLOOD-GROUP POLYSACCHARIDES (60) 

The blood-group specific polysaccharides are found in the red blood cells, 
gastric mucin, saliva, ovarian cyst fluid, and other body secretions. Hog 
gastric mucin may be the most practical source (see Gastric mucin). These 
polysaccharides, combined with proteins, compose the A, B, O (H), Rh, 
and other antigens of the red blood cells and differentiate the various blood 
groups. If red cells of a specific type are brought in contact with their anti-
bodies, agglutination of the red cells occur. The various blood-group sub-
stances are similar to each other in respect to the component simple sugar 
parts. D-Galactose, iV-acetyl-D-glucosamine, and L-fucose were found to be 
present in the specific substances isolated from hog stomach (61). D-Man-
nose was apparently found in small amounts, but it is not an accepted con-
stituent of the specific substance (61, 62). Blood-group substance A, B, and 
O (H) isolated from ovarian cyst fluid showed the presence of L-fucose, 
D-galactose, D-glucosamine, D-galactosamine, and sialic acid (68). The pres-
ence of both glucosamine and galactosamine in the blood-group substances 
had been shown earlier (64). 

58. J. E. Jorpes, H. Boström, and V. Mutt, / . Biol. Chem. 183, 607 (1950). 
59. M. L. Wolfrom, R. Montgomery, J. V. Karabinos, and P. Rathgeb, J. Am. 

Chem. Soc. 72, 5796 (1950). 
60. E. A. Kabat, "Blood Group Substances." Academic Press, New York, 1956. H. 

G. Bray and M. Stacey, Advances in Carbohydrate Chem. 4, 37 (1949); E. A. Kabat 
and M. M. Mayer, "Experimental Immunochemistry.,, C. C Thomas, Springfield, 
111., 1948. 

61. E. A. Kabat, A. Bendich, and A. E. Bezer, / . Am. Chem. Soc. 69, 2163 (1947). 
62. H. G. Bray, H. Henry, and M. Stacey, Biochem. J. 40, 124 (1946). 
63. R. A. Gibbons, W. T. J. Morgan, and M. Gibbons, Biochem. J. 60, 428 (1955). 
64. D. Aminoff and W. T. J. Morgan, Nature 162, 579 (1948); D. Aminoff, W. T. 

Morgan, and W. M. Watkins, Biochem. J. 46, 426 (1950). 
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H. KERATOSULFATE 

Keratosulfate was isolated (10) upon fractionation of the so-called "hy-
aluronosulfate fraction" isolated from the cornea. I t is composed of iV-ace-
tyl-D-glucosamine, D-galactose, and sulfuric acid, apparently combined in 
equimolar amounts. Attempts to hydrolyze keratosulfate by testicular and 
bacterial hyaluronidases, almond emulsin, crude ß-glucuronidase, and 
ß-glucosaminidase have been unsuccessful. Glycoproteins which contained 
zoöpolysaccharides resembling keratosulfate had been isolated previously 
from tendomucoid, chondromucoid, and osseomucoid (4). 

3. GLYCOPROTEINS, MUCOPROTEINS AND INTERACTIONS 
OF ZOÖPOLYSACCHARIDES (1,4,U) 

Knowledge of the role and state of combination of the glycoproteins and 
polysaccharides with other components of animal tissues and body fluids is 
a major prerequisite for an understanding of cellular and tissue composition 
and reactions. Some information is available, but mostly preliminary and 
frequently controversial results are available in this important field. The 
nomenclature is chaotic (p. 711). 

The interaction of the components of ground substance, the amorphous 
matrix especially found between the cells of connective tissue, has received 
the most study (65). Collagen particularly has been studied. Collagen, 
reticulin, and elastin fibers (proteins) are embedded in a viscid ground sub-
stance, which appears to contain dissolved proteins, hyaluronic acid, and 
sulfate esters of other zoöpolysaccharides, especially of chondroitin sulfate. 
The soluble proteins present in connective tissue qualitatively are electro-
phoretically similar to those of blood serum (66). The metachromasia shown 
by the ground substance (Chapter XI) results from the presence of acidic 
substances. Synovial (joint) fluid appears to be closely related to ground 
substance, but is virtually devoid of sulfate esters (67). 

Polar linkages seem to be the principal basis of association of the com-
ponents of ground substance with the insoluble tissue components, for most 
of the dissolved components of ground substances and some of the fibrous 
elements are readily extracted by salt solutions or weak alkalies. Some type 
of interaction seems very probable, for extracted soluble collagen can be 
reversibly precipitated into several types of characteristic fibrils, the forms 
of which depend upon the precipitating conditions and upon the presence 

65. See D. S. Jackson, Biochem. J. 54, 638 (1953) ; J. T, Randall, ed., "Nature and 
Structure of Collagen." Academic Press, New York, 1953; G. Asboe-Hansen, ed., 
"Connective Tissue in Health and Disease." Munksgaard, Copenhagen, 1954; B. H. 
Persson, Ada Soc. Med. Upsaliensis 58, No. 2, 1 (1953). 

66. N. F. Boas, Arch. Biochem. and Biophys. 57, 367 (1955). 
67. L. Sundblad, Ada Soc. Med. Upsaliensis 58,113 (1953). 
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of certain glycoproteins or other materials (68). Chondroitin βμη^β has been 
shown to precipitate the fibril form, whereas the addition of hyaluronic 
acid produced a fibrous precipitate with no axial periodicity. The hydrolysis 
of chondroitin sulfate by testicular "hyaluronidase" prior to extraction also 
greatly increases the ease of extraction of collagen from tendon (65). 

The mucin precipitated from synovial fluids by weak acids appears to 
be a dissociable complex of hyaluronic acid and proteins. Electrophoretic 
studies of synovial fluids (at pH 8.6) have usually shown the presence of 
one fast-moving component considered to be free hyaluronic acid, but some 
fluids show a second fast component, possibly a hyaluronic acid - protein 
complex (69). On the basis of studies in the ultracentrifuge, the mucin pos-
sibly may exist in synovial fluid partially as a mucoprotein with a molecular 
weight of one to ten million (70). Electrophoretic and ultracentrifugal 
measurements at varying pH values provide two of the best ways of demon-
strating interaction in such systems. 

Masamune and associates (4) have provided some information concern-
ing the nature of the combinations in other types of mucoproteins and of 
the proteins in the combinations. The mucoproteins of cartilage (chondro-
mucoid) and of umbilical cord (funis mucin), removed from the tissues by 
aqueous extraction, are precipitated at pH 2 to 3. When the precipitated 
mucoproteins were extracted with solutions over the range pH 1 to 4, the 
composition of the residue did not remain constant; evidently the ratios 
of protein to carbohydrate in the mucoproteins are dependent upon the pH. 
Tendomucoid (from tendon) and osseomucoid (from bones) appear to be 
similar if not identical to chondromucoid. 

Chondroitin sulfate could be separated from the chondromucoid. I t re-
mained in solution at pH 7 when chondromucoid was shaken with chloro-
form - amyl alcohol, whereas a second carbohydrate component (possibly 
keratosulfate or a closely related substance) remained with the protein 
fraction (4). Electrophoretic studies of chondromucoid show that the 
components associate in one kind of complex over the pH range 5 to 9 and 
that a different type of complex occurs below pH 4.85 (71). Shatton and 
Schubert (72) found both chondromucoid and free chondroitin sulfate in 
the extracts of bovine nasal cartilage; the mucoid was extracted first. Pro-
tein dénaturants did not separate the protein portion of the mucoid. The 
protein was not collagen (72). Since hyaluronic acid does not appear to 

68. J. Gross, 4th Josiah Macy Jr. Conf. on Metabolic Interrelations p. 47 (1952). 
69. D. Platt, W. Pigman, H. L. Holley, and F. M. Patton, Arch. Biochem. and Bio-

phys. 64, 152 (1956). 
70. J. H. Fessier, A. G. Ogston, and J. E. Stanier, Biochem. J. 58, 656 (1954). 
71. S. M. Partridge, Biochem. J. 43, 387 (1948). 
72. J. Shatton and M. Schubert, / . Biol. Chem. 211, 565 (1954). 
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bond with collagen, whereas chondroitin sulfate will, it appears that in 
neutral solutions sulfate but not carboxyl groups will produce bonding (73). 

Similarly, the protein of funis (umbilical cord) mucin was precipitated 
by formaldehyde at pH 7, and the hyaluronic acid remained in solution. 
Other known sulfate esters (limacoitin sulfate and heparin) dissociated 
from the mucoproteins under similar conditions (4). 

Although the polysaccharide sulfate esters of mucoproteins appear to be 
freely dissociable, the protein component may be a simple protein or a fairly 
firmly held conjugate with a second carbohydrate component. Such glyco-
proteins have been called "glucidamins" by Masamune and associates, 
although if the carbohydrate component is small or questionable they may 
be better considered as "simple" proteins. They usually contain a hexosamine 
residue. The coagulable proteins of serum, milk, bird eggs, phosphoproteins, 
and many plants are apparently of the latter type and may contain small 
amounts of firmly combined hexosamines and hexoses. The acidic poly-
saccharide components exist as anions in the mucoprotein complex. From 
a comparison of the number of total basic groups with the number of sulfate 
groups in the chondroitin sulfate of cartilage, the chondroitin sulfate appears 
to be mainly free (whale nasal cartilage) or combined with an equal number 
of basic groups (bull trachéal cartilage). In tendons and human umbilical 
cord, the basic protein groups are in great excess (74)· 

The nature of the proteins involved in mucoproteins and glycoproteins 
has received some preliminary study (4, 71). A slight amount of evidence 
exists that the common protein components are albumins and globulins, 
except in mucous secretions. Pepsin andtrypsinhydrolyze many of the muco-
proteins or glycoproteins, but salivary mucoid and ovomucoid are quite 
resistant. At physiological pH (7.25 to 7.30), only fairly basic proteins 
would be expected to bond with carboxyl groups, and the sulfate bonding 
would be most probable for the common proteins. 

Little or no information has been obtained concerning the stable (cova-
lent) linkages in glycoproteins. The most likely are glycosylamine linkages 
formed from free amino groups and possibly stabilized by an Amadori rear-
rangement (Chapter VIII), glycosidic linkages through thehydroxyl groups 
of amino acids (such as serine, threonine, tyrosine, and hydroxyproline), 
and amide linkages from the amino groups of hexosamines. 

In the following sections, the principal known glycoprotein or mucopro-
tein systems involving these products will be discussed. 

A. GASTRIC MUCIN 

Gastric mucin is available commercially, as.a product obtained from the 
mucosa of hog stomachs. The mucosal tissue is subjected to the action of 

78. J. Einbinder and M. Schubert, J. Biol. Chem. 188, 335 (1951). 
74. T. Oh-Uehi and M. Utsushi, Chem. Abstr. 43, 5104 (1949). 
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proteolytic enzymes and the mucin is precipitated from solution by alcohol 
(Meyer, Smyth, and Palmer (75) and Werner (14))- Apparently numerous 
biologically important zoöpolysaccharides, glycoproteins, and mucoproteins 
are present in the material. 

Gastric mucin is the classical source of the so-called "mucoitin sulfates" 
of Levene (1) (see below). I t has been an important source of the blood-
group specific polysaccharides (see above), which appear to be the major 
known components (76). Other polysaccharide components are heparin, 
two chondroitin sulfates (77), and a zoöpolysaccharide composed of iV-ace-
tyl-D-glucosamine, D-galacturonic acid, and sulfuric acid (78). 

"Mucoitin sulfate" has been considered to be composed of equimolar 
quantities of iV-acetyl-D-glucosamine, D-glucuronic acid, and esterified sul-
fate (1). The mucoitin sulfate of gastric mucin was indicated by Levene as 
different from that of the cornea, vitreous humor, and umbilical cord. Such 
fractions have been reinvestigated by Meyer, who describes them as the 
"hyaluronosulfate fraction." Keratosulfate, chondroitin and its sulfate, 
heparin, and hyaluronic acid were isolated from such fractions. The gastric 
and corneal "mucoitin sulfates" in particular have been studied. (See pre-
vious discussion of "Mucoitin sulfate.") 

B. BLOOD SERUM MUCOIDS 

The occurrence and composition of the glycoproteins in human blood 
serum have been reviewed by Winzler (5). Evidence for the existence of at 
least four such materials has been obtained by Schmid (79). One of these 
is present in serum to the extent of 0.5 % and is the principal glycoprotein 
of the «i-globulin fraction. 

The ai-glycoprotein (called orosomucoid by Winzler) was crystallized as 
a lead salt from fraction VI of the Cohn method 10 for serum fractionation. 
This product, probably the best characterized of the known glycoproteins, 
has the following analysis: N, 10.7%; polypeptide, 66%; hexose, 17.2%; 
hexosamine, 11.5%; phosphoric acid, 1.2%. The isoelectric point is at pH 
2.7 (phosphate buffers; ionic strength, 0.1). The product is soluble in water, 
is stable at 100° in solution,, and apparently has a low molecular weight (79). 
The carbohydrate components of "serum mucoid" had been indicated 
previously as: D-galactose, D-mannose, D-glucosamine, D-galactosamine, 
and L-fucose (5). Sialic acid or a precursor is also present. 

75. K. Meyer, E. M. Smyth, and J. W. Palmer, / . Biol. Chem. 119, 73 (1937). 
76 K. Landsteiner and M. W. Chase, J. Exptl. Med. 63, 813 (1936) ; K. Landsteiner 

and R. A. Harte, ibid. 71, 551 (1940); W. T. J. Morgan and H. K. King, Biochem. J. 
37, 640 (1943). 

77. H. Smith, R. C. Gallop, P. W. Harris-Smith, and J. L. Stanley, Biochem. J. 
52, 23 (1952); H. Smith and R. C. Gallop, ibid. 53, 666 (1953). 

78. R. Satoh, Tôhoku J. Exptl. Med. 56, 387 (1952). 
79. K. Schmid, / . Am. Chem.ßoc. 75, 60, 2532 (1953); 77, 742 (1955). 
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A glycoprotein containing uronic acid, hexosamine, and one or more 
sugars has been found in human euglobulin (80). 

A hyaluronidase inhibitor in human blood has been isolated and puri-
fied (81). This glycoprotein contains 4% hexosamine and 2% uronic acid 
and has a molecular weight of about 100,000. 

C. URINARY MUCOIDS 

Mörner isolated two water-soluble glycoproteins (called urinary mucoids) 
from urine by alcohol precipitation, redissolution, and precipitation with 
chloroform in the presence of acetic acid (1,4)- Interest in these substances 
was stimulated by the isolation of a purified urinary glycoprotein which 
proved to be a strong inhibitor of the hemagglutination by influenza virus 
and similar viruses (82, 88). Sialic acid (see below) is said to be removed 
from the glycoprotein by the virus. 

The purified urinary glycoprotein dialyzes through cellophane mem-
branes. Its minimum molecular weight (based on the L-fucose content) ap-
pears to be the formula weight of about 2,500 or some small multiple, proba-
bly less than 3 or 4. Paper chromatography of the hydrolysis products has 
shown the presence of D-galactose (5.4%), D-mannose (2.7%), and L-fucose 
(1%) (88). The hexosamine content is given as 7.6%, and both D-glucosa-
mine and D-galactosamine may be present. Odin (84) has indicated that 
the identification of the hexosamine is in question and that sialic acid is 
also present to the extent of 7.3 to 9.4%. 

A glycoprotein resembling the ai-glycoprotein of blood serum has been 
isolated from the urine of patients with proteinuria (85). I t contains D-glu-
cosamine, D-mannose, and D-galactose as its carbohydrate constituents. 
Its electrophoretic behavior and immunochemical reactions greatly re-
semble those of the «i-glycoprotein isolated by Schmid. It is clearly not the 
glycoprotein isolated from normal urine by Tamm and Horsfall. 

D. SALIVARY MUCOPROTEINS 

One of the best-known mucins is that obtained from saliva and extracts 
of the submaxillary and sublingual glands. I t is best prepared from neutral 
extracts of animal glands or from saliva by precipitation with weak acids 
(pH 2.5 to 3.5). It is purified by dissolution in stronger acids (pH 1 to 1.5) 

80. J. Badin, M. Schubert, and M. Vouras, J. Clin. Invest. 34, 1317 (1955). 
81. J. K. Newman, G. S. Berenson, M. B. Mathews, E. Goldwasser, and A. Dorf-

man, J. Biol. Chem. 217, 31 (1955). 
82. I. Tamm and F. L. Horsfall, Jr., Proc. Soc. Exptl. Biol. Med. 74, 108 (1950); 

/ . Exptl. Med. 95, 71 (1952). 
83. A. Gottschalk, Nature 170, 662 (1952). 
84. L. Odin, Nature 170, 663 (1952). 
85. E. A. Popenoe, / . Biol. Chem. 217, 61 (1955). 
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(86) and subsequent reprecipitation at pH 2.5 to 3.5. Animal salivary mu-
cins have been studied in some detail, but little is known of the human 
mucins. According to Tanabe (87), the extracts of cattle glands also contain 
a mucoid which is not precipitated with the mucin. The sublingual mucin 
has a nitrogen content of 11 to 12% and a reducing value, after hydrolysis, 
corresponding to 15 to 16% of glucose. D-Glucosamine has been isolated 
from the acid hydrolyzates. 

Preliminary electrophoretic studies at pH 6.1, 6.8, 7.5, and 8.0 on dis-
solved cattle submaxillary mucin show only one component (6). By treat-
ment of cattle sublingual mucin with 2 % sodium hydroxide at room tem-
perature for 5 hours and subsequent fractionation, Tanabe obtained a 
glycoprotein and two so-called polysaccharides (II and III) . "Polysaccha-
ride I I " (obtained in small amounts) appeared to be "mucoitin" (hyalu-
ronic acid). "Polysaccharide I I I , " obtained in a yield of 20% of the mucin, 
appeared to be a glycoprotein (N, 10%). It was reported to contain AT-ace-
tyl-D-glucosamine and probably galactose and glucuronic acid; possibly, 
this product is one of the blood-type substances. Polysaccharide I, obtained 
by alkaline hydrolysis of the first glycoprotein, in which it is present in 
small amounts (3%), was reported as a polymer of iV-acetyl-D-glucosa-
mine (1 part) and D-mannose (2 parts). The mucoid not precipitated with 
the mucin was found to be composed of products III and I. Similar prod-
ucts were obtained from cattle submaxillary glands. 

Blix (88) found chemically that cattle submaxillary mucins contain three 
components. Two are "neutral" carbohydrates in small amounts, one of 
the blood-group type and the other a "dihexosehexosamine" type (possibly 
Tanabe-I). These "neutral" carbohydrates could be removed by reprecipi-
tation of the mucin. The major component of the mucins is a glycoprotein, 
described as having 10% nitrogen and 16% hexosamine. identified by isola-
tion of D-galactosamine. The purified mucin is said to contain 25 to 30 % of 
sialic acid (see Sialic acid), which splits off fairly readily. The sialic acid or 
precursor may be bound to the galactosamine. Presumably the glucosa-
mine isolated by other workers is a component of the sialic acid (or pre-
cursor) or of the accompanying polysaccharide. 

Simmons (89) isolated a mucoid (glycoprotein) in fairly good yield from 
the extracts of pig submaxillary glands by alkaline extraction in the pres-
ence of sodium dodecyl sulfate. The product was separated and purified 
by fractional alcohol precipitation with ethyl and isopropyl alcohols at 

86. O. Hammarsten, Z. physiol. Chem. 12, 163 (1888). 
87. Y. Tanabe, / . Biochem. (Japan) 28, 227 (1938) ; 29, 377, 381, 387 (1939); 30, 11, 

181 (1939). 
88. G. Blix, Z. physiol. Chem. 240, 43 (1936); G. Blix, L. Svennerholm, and I. Wer-

ner, Ada Chem. Scand. 6, 358 (1952). 
89. N. S. Simmons, Thesis, University of Rochester (1950). 
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pH 7 (acetate buffers). I t was presumably a glycoprotein (9 to 10% N) 
containing 16% glucosamine; an amino acid analysis was made. Its rela-
tion to mucin is not clear, but it precipitates many proteins below their 
isoelectric points. 

Blood-group specific substances have been isolated in amount of about 
3 mg. per 100 cc. from the salivas of persons of the A, B, and 0 types (90). 
So-called "nonsecretors" excrete a similar polysaccharide which does not 
give the serological reactions typical of the blood-specific substances. 

E. GONADOTROPIC HORMONES AND THYROGLOBULIN (91) 

Four purified glycoprotein hormones with the ability to stimulate hor-
mone production by the ovary or testes (gonadotropic activity) are well 
known. These are the interstitial cell-stimulating hormone (ICSH) and the 
follicle-stimulating hormone (FSH) of the anterior pituitary, the chorionic 
gonadotropin (HCG) of human pregnancy urine, and the gonadotropin of 
the blood serum of pregnant mares (PMSG). The protein and carbohy-
drate are firmly bound, and both portions of the molecule appear necessary 
for the hormonal actions. However, pepsin liberated an active dialyzable 
fragment from FSH. 

A comparison of the partial composition of some of these materials is 
given below: 

Gonadotropin 

ICSH (Sheep) 
ICSH (Hog) 
FSH (Sheep) 

PMSG (Horse) 
HCG 

N (%) 

14.2 
14.9 
15.1 

10.7 
12.0 

Hexose (%) 

D-Mannose (4.5) 
D-Mannose (2.8) 
1.3 
1.2 
D-Galactose (14.1-17.6) 
D-Galactose (10.7) 

Hexosamine 

(%) 
5.8 
2.2 
0.6 
1.5 
8.4 
5.2 

Mol. wt. 

40,000 
100,000 
(70,000) 
67,000 

__ 
100,000 

Thyroglobulin has been shown probably to contain 2.4% glucosamine 
and two aldohexoses, galactose and mannose (92). 

F. OVOMUCOID 

Ovomucoid was isolated originally by Mörner (1) from egg white by 
precipitation with weakly acidic alcohol after heat coagulation of other 
proteins. More recent isolation methods are based on fractionation with 

90. K. Landsteiner and R. A. Harte, J. Biol. Chem. 140, 673 (1941); R. A. Harte, 
ibid. IM, 87d (1947). 

91. C. H. Li, Vitamins and Hormones 7, 223 (1949); C. H. Li and J. I. Harris, Ann. 
Rev. Biochem. 21, 603 (1952) ; S. Gurin, C. Bachman, and D. W. Wilson, J. Biol. Chem. 
128, 525 (1939); 133, 467, 477 (1940); H. Goss and H. H. Cole, Endocrinology 15, 214 
(1931); 26, 244 (1940). 

92. G. Lacombe and R. Michel, Compt. rend. soc. biol. 149, 888 (1955). 
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ammonium sulfate (93). The carbohydrate moiety (ca. 25%) is bound 
firmly to the protein and can be separated only after drastic treatment. 
The constituents of the carbohydrate have been indicated as D-mannose, 
D-glucosamine (94), and D-galactose (93). Different hexosamine/hexose 
ratios have been reported, 1:1 (95) and 7:4 (96). 

I t appeared to be homogenous in the ultracentrifuge (97) but was shown 
to be heterogeneous when subjected to electrophoretic analysis (97, 98). 

Ovomucoid is quite resistant to tryptic digestion. In fact, each of the 
three electrophoretic components exhibits pronounced antitryptic activ-
ity (97). 

Upon methylation and hydrolysis, the polysaccharide obtained after the 
action of trypsin on ovomucoid yielded: iV-acetyl-3,4,6-tri-0-methyl-
D-glucosamine (7 moles), D-mannose (2 moles), 3,4,6-tri-O-methyl-D-man-
nopyranose (1 mole), and tetra-O-methyl-D-galactopyranose (1 mole). If 
correct, these results indicate a highly branched structure with every hy-
droxyl of some of the mannose units being substituted by a ring or gly cosyl 
units (96). 

4. GLYCOLIPIDES AND GLYCOLIPOPROTEINS (3, 60) 

A number of biologically important compounds or complexes of carbo-
hydrates with lipides and sometimes also with proteins have been found in 
animal tissues (and some bacteria). The Wassermann antigens and the 
Forssman antigens apparently are materials of this type. The cerebrosides 
and gangliosides (Chapter X) might be considered to belong to this group. 
All appear to contain a hexosamine residue. 

The structure of an active fragment of blood-group A lipide from human 
liver has been indicated as a cephalin-tripeptide-heptasaccharide. The pep-
tide is represented as glutamyl-seryl-glutamic acid; the peptide is connected 
by iV-glycosyl linkages to a heptasaccharide composed of two moles of 
D-galactosamine, two of D-mannose, and three of D-galactose (99). 

5. THE PROBLEM OF SIALIC ACID 

Many tissues, fluids, mucoproteins, and glycoproteins have been shown 
to contain a material capable of reacting directly with Ehrlich's reagent, 

93. M. S0rensen, Biochem. Z. 269, 271 (1934). 
U- S. Fränkel and C. Jellinek, Biochem. Z. 185, 392 (1927). 
95. H. Masamune and S. Hoshino, / . Biochem. (Japan) 24, 219 (1936); O. Karl-

berg. Z. physiol. Chem. 240, 55 (1936). 
96. M. Stacey and J. M. Wooley, J. Chem. Soc. p. 184 (1940); p. 550 (1942). 
97. E. Fredericq and H. F. Deutsch, J. Biol. Chem. 181, 499 (1949); M. Bier, J. A. 

Duke, R. J. Gibbs, and F. F. Nord, Arch. Biochem. and Biophys. 37, 491 (1952). 
98. L. G. Longsworth, R. K. Cannan, and D. A. Maclnnes, / . Am. Chem. Soc. 

62, 2580 (1940). 
99. S. Hakomori, Tôhoku J. Ezptl. Med. 60, 331 (1954). 



730 WARD PIGMAN AND DAVID PLATT 

p-dimethylaminobenzaldehyde in hot strongly acid solution, to form a 
purple color. Materials giving a positive "direct Ehrlich test" have been 
isolated and crystallized and have been variously described as sialic acid, 
neuraminic acid, hemataminic acid, lactaminic acid, and gynaminic acid. 
This as yet uncharacterized component may play an important role in the 
cell structure and body functions. 

In order to give a positive test with the Ehrlich reagent, hexosamines 
having a free amino group require previous treatment with an acylating 
agent followed by treatment with alkalies (see Hexosamines). The ΛΓ-acyl-
hexosamines require only the pretreatment with alkali, but crystalline 
sialic acid and similar materials and the previously unhydrolyzed glyco-
proteins react directly with Ehrlich's reagent to produce the purple color. 
The color obtained has an absorption maximum at 565 ιημ (100) which differs 
from the absorption maximum at 530 obtained from hexosamines by the 
Elson-Morgan procedure (101). 

Such materials may interfere with the determination of hexosamines (see 
Chapter VIII). With the colors produced by sialic acid as a reference, 
Werner and Odin (100) have estimated the amounts of sialic acid in several 
glycoproteins, including serum glycoprotein and ovomucin. They used 
BiaPs orcinol, the direct Ehrlich reaction, diphenylamine, and tryptophan-
perchloric acid. 

In 1936, from the products of the mild hydrolysis of bovine submaxillary 
mucin, Blix (88,102a) isolated in minute yields a crystalline material which 
gave the "direct Ehrlich" test (see also under Salivary polysaccharides). 
This crystalline material was later named sialic acid. Submaxillary mucin 
may offer the best source of compounds related to or resembling sialic acid 
(102b). In 1941, Klenk crystallized a compound from brain gangliosides, 
called neuraminic acid (103). I t appears to be closely related to sialic acid 
and has also been isolated from bovine submaxillary mucin, urinary glyco-
protein, the gangliosides of spleen and other tissues, milk, and red blood 
cell stroma (104). Neuraminic acid occurs in combination with lactose in 
the mammary gland of the lactating rat (105). A hemataminic acid (106) 

100. I. Werner and L. Odin, Ada Soc. Med. Upsaliensis 57, 230 (1952). 
101. J. Immers and E. Vasseur, Ada Chem. Scand. 6, 363 (1952). 
102a. G. Blix, E. Lindberg, L. Odin, and I. Werner, Ada Soc. Med. Upsaliensis 

61, 1 (1956). 
102b. F. Zilliken, G. A. Braun, and P. György, Arch. Biochem. and Biophys. 63, 

394 (1956). 
10S. E. Klenk, Z. physiol. Chem. 268, 50 (1941). 
104. E. Klenk, Z. physiol. Chem. 273, 76 (1942); E. Klenk and F. Rennkamp, ibid. 

273, 253 (1942) ; E. Klenk and K. Lauenstein, ibid. 291,147, 249 (1952) ; 295, 164 (1953). 
105. R. E. Trucco and R. Caputto, / . Biol. Chem. 206, 901 (1954). 
106. T. Yamakawa and S. Suzuki, J. Biochem. (Japan) 38, 199 (1951). 
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and a lactaminic acid {107), very similar or identical to neuraminic acid, 
have also been described. 

An iV-acetylneurarninic acid has been isolated from bovine submaxillary 
mucin and the urinary glycoprotein (urinary mucoprotein of Tamm and 
Horsfall) following the enzymic action of the influenza virus on the glyco-
proteins {108). Gynaminic acid, from milk and meconium appear to be 
identical to the Λ/'-acetylneuraminic acid (sialic acid?) from sheep sub-
maxillary gland and different from that from bovine submaxillary glands 
and lactaminic acid from bovine colostrum {102b, 109). 

2-Carboxypyrrole has been isolated from alkaline hydrolyzate of some 
mucoids {110). Gottschalk indicated that the 2-carboxypyrrole is an arti-
fact formed during the hydrolysis of 4-hydroxypyrroline-2-carboxylic acid, 
which is unstable {111) but possibly is stabilized in the source material by 
a glycosidic linkage. No evidence for the presence of the pyrroline ring in 
the original glycoprotein was obtained. 

A nonose structure has been proposed for sialic acid, neuraminic acid 
{108, 112) and hemataminic acid {106). The structures for the compounds 
in the sialic acid family have yet to be established. They have been charac-
terized as nitrogen-containing, monobasic, polyhydroxy, reducing acids 
{102a, 102b, 108). The empirical formula of sialic acid obtained from sheep 
submaxillary mucin appears to be C11H19NO9 {102a, 102b) with an iV-acetyl 
group and is the same as that for gynaminic acid from human milk. Similar 
compounds isolated from the submaxillary glands of cattle, pig and horse 
differ in their X-ray diffraction patterns {102a). Hypoiodite titration indi-
cates the presence of a reducing group {102a, 118) and approximately one 
mole of hydrogen is taken up per mole of sialic acid on treatment with 
sodium borohydride {102a). Two moles of periodate were consumed by 
sheep sialic acid {102a) and gynaminic acid {102b) with the formation of 
one mole of formic acid {102a). 

Sialic acid from bovine submaxillary glands upon enzymic degradation 
is reported to give equal amounts of pyruvic acid and iV-acetylglucosamine 

107. R. Kuhn, R. Brossmer, and W. Schulz, Chem. Ber. 87,123 (1954). 
108. E. Klenk and H. Faillard, Z. physiol. Chem. 298, 230 (1954); E. Klenk, H. 

Faillard, and H. Hempfried, ibid. 301, 235 (1955) ; E. Klenk, H. Faillard, F. Weygand, 
and H. H. Schöne, ibid. 304, 35 (1956). 

109. F. Zilliken, G. A. Braun, and P. György, Arch. Biochem. and Biophys. 54, 564 
(1954). 

110. A. Gottschalk, Nature 172, 808 (1953); N. Hiyama, Tôhoku J. Exptl. Med. 51, 
317 (1949). 

111. A. Gottschalk, Nature 174, 654 (1954); Biochem. J. 61, 298 (1955). 
112. A. Gottschalk, Nature 176, 881 (1955). 
US. R. Heimer and K. Meyer, Abstr. Papers Am. Chem. Soc, Atlantic City, p. 71C 

(1956). 
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(114). Apparently a nonose structure as indicated above or some other 
combination, possibly glycosidic, of these components can be given for the 
various sialic-neuraminic acids and derivatives. These appear to differ in 
the number and type of acylating groups and in the presence of esters and 
acetal methyl groups. 

114. R. Heimer and K. Meyer, Proc. Natl. Acad. Sei. U. S. 42, 728 (1956). 




