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The term acid mucopolysaccharides has been widely used to denote a group

of chemical compounds which appear to be high molecular weight polymers

composed of the hexosamines, glucosamine or galactosamine and glucuromc

acid, acetate, and in some cases esterified sulfate. To date, two of these sub-

stances, hyaluronic acid (H.A.) and chondroitinsulfuric acid (C.S.A.), have

been well characterized in connective tissue. Although extensively investigated,

the chemical nature of heparin is still the subject of some confusion, with evi-

dence that there may be a family of such compounds. There also appears to be

evidence for the existence of compounds whose composition is identical with

that of C.S.A. of cartilage, but differing in other properties. Thus, Meyer and

Chaffee (99) and Meyer and Rapport (101) have shown that chondroitin B,

which exists in skin, differs from cartilage chondroitin (A) in its optical rotation

and susceptibility to hydrolysis by testicular hyaluronidase. What appears to

be a similar compound has been isolated by Marbet and Winterstein (94, 95)

from lung and originally called fl-heparin because of anticoagulant properties.

A possibly identical substance has been isolated by Smith and Gallop (138)

from hog gastric mucosa (polysaccharide B). In recent studies Schiller, Mathews,

and Dorfman (131) have isolated in analytically pure form a sulfated polysac-

charide which appears to be identical in composition with cartilage C.S.A., but

gives a lesser color equivalent by the Dische carbazole reaction. Treatment of

this substance with testicular hyaluronidase results in some apparent hydrolysis

as measured by the turbidity method, suggesting that this may be a mixture of

cartilage C.S.A. and so called chondroitin B or fl-heparin. A fifth acid muco-

polysaccharide, named chondroitin C, has also been postulated by Meyer and

Rapport (101). This differs from chondroitin A in optical rotation, but unlike

chondroitin B is hydrolyzed by testicular hyaluronida.se. The existence of the

previously postulated hyaluronosulfate in cornea has recently been denied by

Meyer et al. (105), and instead the existence of a non-uronic acid containing

sulfated polysaccharide named keratosulfate has been postulated. Orr (111) has

recently separated from C.S.A., prepared from trachea, a fraction which differs

from the remaining C.S.A. in respect to its infra-red spectrum and optical rota-
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tion. He has suggested that this compound differs from the remaining C.S.A.

with respect to the position of the sulfate group.

In recent years an extensive biological and medical literature regarding the

ground substance of connective tissue has appeared. Unfortunately, the term

ground substance has been used loosely, some authors considering “ground

substance” as a uniform chemical substance, while others consider the term

ground substance as synonymous with extracellular fluid. With this confusion of

definition, extensive theories regarding the behavior of connective tissues,

mechanisms of action of hormones, etc., have been propounded on the basis of

evidence obtained by the use of histochemical techniques which have not been

validated. Thus, some workers (55, 56) now speak of polymerization and de-

polymerization of ground substance, although no direct evidence for such a

transformation has yet appeared. The rise of serum mucoproteins has been at-

tributed to an outpouring of material from depolymerized ground substance,

although all available evidence would seem to indicate that serum mucoproteins

are chemically quite distinct from connective tissue mucopolysaccharides (28).

In order to clarify our understanding of the nature and function of ground

substance, some fundamental agreement regarding definitions seems desirable.

Dorfman (34) has previously proposed that the term ground substance be re-

served for the amorphous continuum separating the cells, fibers and �vessels of

connective tissue. This solution is made up of a variety of components, some of

which may be regarded as peculiar to the connective tissue, while others may

be regarded as in transit between the circulation and the parenchymal cells.

The acid mucopolysaccharides appear to be peculiar to the connective tissue.

The fact that these substances are flexible chain polymers of high negative

charge with a high affinity for cations and water molecules suggests that they

may play a critical role in regulating the metabolism of inorganic ions and water.

A change in concentration or molecular size of such a substance is obviously of

great importance in modifying the capacity of connective tissue to bind water and

salts. It is thus possible that the ground substance may act as a selective and

controlled barrier between the circulation and parenchymal cells.

Recent evidence has indicated that a soluble precursor of collagen is present

in the ground substance (136). The possible interaction of the acid mucopoly-

saccharides with soluble collagen requires further explanation. Jackson (67) has

suggested that C.S.A. plays a significant role in the structure of collagen fibers

in tendon.

Although a somewhat detailed understanding of the enzymatic mechanism

of synthesis of homologous polysaccharides such as starch or glycogen has been

achieved, little is known regarding heterologous polysaccharides to which group

belong C.S.A. and H.A. The incorporation of alternating monosaccharide units

poses certain fundamental problems not encountered in the homologous poiy-

saccharides. In the last few years a number of contributions pertinent to these

questions have appeared, which, together with older studies, begin at least to

point out certain directions for pursuit of an understanding of the details of the

metabolism of the mucopolysaccharides.
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In view of the increasingly apparent importance of the mucopolysaccharides

in certain fundamental physiological and pathological processes, it would seem

worthwhile to attempt to bring together the various observations pertinent to

these questions. To this end, this review is directed.

METABOLISM OF COMPONENTS

1. Glucuronic Acid. In view of its importance in the process of detoxification,

studies of the metabolism of this compound have been numerous. The literature

along these lines has been extensively reviewed by Artz and Osman (1). Certain

fundamental metabolic questions regarding glucuronic acid remain of impor-

tance. These can be stated as follows:

1) What is the precursor of glucuronic acid and by what mechanism does

conversion to glucuronic acid occur?

2) Does glucuronide synthesis involve the utilization of glucuronic acid,’ or

does some other glycoside intermediate form before oxidation of the C-6

of the carbon chain?

3) What is the relationship of $-glucuronidase to synthesis of glucuronides?

4) What is the relationship of glucuronic acid formed in the liver for detoxifi-

cation to connective tissue polysaccharides containing glucuronic acid?

5) What is the relationship of glucuronic acid to ascorbic acid synthesis?

While space does not permit a detailed consideration of all of these problems,

certain definitive information is available pertinent to these questions. Despite

the extensive discussions of the older literature and the more recent claims (6,32)

of the role of three carbon particles as precursors of glucuronic acid, recent tracer

studies conclusively demonstrate the derivation of glucuronic acid from glucose

without previous scission of the glucose molecule. This conclusion was reached

by Mosbach and King (106) who utilized uniformly labeled glucose in guinea-

pigs fed borneol, Douglas and King (37) who utilized both C1 and C6 labeled

glucose in the same test system, and Eisenberg and Gurin (50) who performed

similar studies utilizing 1-C14-glucose in rabbits receiving menthol. Roseman

et al. (126) made similar observations regarding the origin of the glucuronic acid

portion of H.A. formed by a strain of Group A hemolytic streptococcus. It thus

seems quite clear that some pathway exists whereby glucose is converted to

glucuronic acid without splitting of the carbon chain, although the enzymatic

mechanism of this conversion is not clear (vide infra).

The question of whether glucuronic acid is first formed and then linked to

phenols or w,�iether oxidation of the C-6 carbon atom occurs after glycoside

formation has been investigated for many years by various techniques with

no convincing conclusion. Packham and Butler (112) have compared the

incorporation of C’4 into a-naphthol glucuronide in rabbits after the administra-

tion of labeled lactate, pyruvate, glucose and glucuronic acid. Since intraperi-

toneal administration of labeled glucuronic acid resulted in greater incorpora-

tion of isotope, it was concluded that administered glucuronic acid may be

utilized for glucuronide synthesis. Similar results were not obtained when the
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labeled glucuronic acid was administered orally. Following the administration

of glucuronic acid to guinea-pigs receiving borneol, Douglas and King (36) ob-

served that only a small amount of the radioactivity of the glucuronic acid was

recovered in the urinary glucuronide. Some doubt arose whether or not this
represented utilization of the glucuronic acid, since the isotope distribution of

the excreted glucuronide differed from that of the administered glucuronide,

suggesting asymmetric resynthesis from 3 carbon particles. Evidence of such

asymmetric synthesis was found by Bidder (6) and Doerschuk (32), and has

recently been demonstrated for the synthesis of glucose from glycerol by Scham-

bye and Wood (129) and Swick and Nakao (142). In a recent study, Douglas

and King (38) have reinvestigated this question in the guinea-pig and the albino

rat, utilizing 6-C’4-glucuronic acid. Glucuromc acid was rapidly metabolized. A

small amount of radioactivity was present in the excreted glucuronide which on

degradation again showed concentration of radioactivity in the first 3 carbon

atoms. It was of particular interest in this study to note that the C6 of glucose

isolated from the glycogen was quite active, suggesting the possibility that glu-

curonic acid may be converted to glucose. In a more recent study Packham and

Butler (113) have attempted to reconcile their earlier results with those of

Douglas and King (38). They observed a much greater incorporation of radio-

activity in the excreted glucuronide following the administration of glucuronic

acid rather than glucurone. They concluded that glucurone and glucuronic acid

did not equilibrate in the body and that only glucuronic acid was utilized for

conjugation. It was noted that glucurone was much more rapidly metabolized

to CO2. It is possible that the results of these authors might be explained by

the more rapid renal excretion (a difference in renal threshold) of glucuronic

acid, with an accompanying greater contamination of the isolated glucuronide.

These authors have recently found that the labeled glucuronic acid used in these

studies was contaminated with labeled naphthol glucuronide (114).

Further understanding of the mechanism of glucuronide synthesis has re-

cently been suggested by the publications of Storey (141) and Dutton and Storey

(40, 41), reporting that liver contains a thermostable factor necessary for the

synthesis of o-aminophenol glucuronide by liver homogenates. This could not

be replaced by a wide variety of co-factors, or metabolic intermediates, or by

�-D-glucuronic acid-i-phosphate. These findings have now been confirmed and

extended by Smith and Mills (139). They are of particular interest in view of

the recent establishment of the role of uridyl compounds in a variety of meta-

bolic reactions, as a result particularly of the studies of Park (116, 117), Leloir

and his coworkers (26, 84, 115), and Kalckar and coworkers (71, 72, 107). Smith

and Mills were able to show that the uridyl diphosphoglucuronic acid reacts

stoichiometrically with o-aminophenol to produce the corresponding glucuronide.

The enzyme which catalyzes this reaction can be extracted from liver equally

well with water or with potassium chloride solution. It is not sedimented at

10,000 g. for 10 minutes and is active in glycylglycine, tris(hydroxymethyl-

aminomethane) or phosphate buffer. Storage at 0-15#{176}C.for 3 days causes marked

loss of activity. The reaction is not inhibited by fluoride, iodoacetate, or cyanide
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and is stimulated slightly by magnesium ions. The uronic acid containing co-

factor was found to be quite unstable, being completely hydrolyzed at pH 2.0

in 10 minutes at 100#{176}C. Under these conditions, there was a complete loss of

activity for uronide synthesis, and an apparent liberation of uronic acid and

uridine monophosphate.

The mechanism of formation of uridine diphosphoglucuronic acid (UDPGA)

is not yet clear. Attempts to demonstrate the following reaction-

UDPGA + pyrophosphate ±� UTP + PGA

UTP = uridine triphosphate

PGA = phosphoglucuronic acid

show no evidence of the participation of either a-, or /3-1-phosphoglucuronic

acid. This is of interest in view of the previous demonstration of the analogous

reactions involving glucose and N-acetylglucosamine (72).

UDPG + pyrophosphate ± UTP + glucose-i-phosphate

and

UDPAG + pyrophosphate � UTP + N-acetylglucosamine-1-phosphate

In view of poor utilization of glucuronic acid in uronide (or polysaccharide)

synthesis, and the good evidence that glucose serves as a precursor for the glucu-

ronic acid portion of uronides, an intriguing mechanism which would serve both

as a mechanism of uronic acid synthesis and formation of an intermediate for

uronide synthesis would be as follows.-

UDPG + oxidizing -� UDPGA
system

No attempts to study such a system have so far been reported.

The role of the enzyme �3-glucuronidase has attracted a great deal of atten-

tion. This work has been extensively reviewed by Fishman (52, 53), and ques-

tions regarding its possible relationship to biosynthesis of glucuronides and sig-

nificance of variation in its level in tissues are discussed in some detail by that

author. From the point of view of metabolism of mucopolysaccharides, Meyer

ci al. (104) have presented evidence that �3-glucuronidase serves to degrade to

monosaccharides the disaccharide which is formed as a result of the action of

testicular hyaluronidase on hyaluronic acid. What role that action has under

physiological conditions is not as yet clear. There is no conclusive evidence that

fl-glucuronidase plays a significant role in the synthesis of uronides. Indeed,

Dutton and Storey (42) have recently pointed out that the properties of the

uronide synthesizing system of liver are quite different from fl-glucuronidase and

that the activity of the latter enzyme is unaffected by the presence of UDPGA.

Although it is apparent that glucuronic acid plays a major role in the process

of detoxification and in the structure of the acid mucopolysaccharides, the inter-

relationship between these two functions has not been explored. Smith and Mills

(140) have suggested that compounds such as UDPGA may play a role in the
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biosynthesis of H.A., while Kalckar (71) points out the possibility that uronic

acid of H.A. may serve as a source for formation of UDPGA. A number of stud-

ies have demonstrated that glucuronide synthesis probably occurs in the liver,

while it seems most likely that mucopolysaccharide formation occurs as a result

of the metabolic activity of connective tissue cells (fibroblasts, mast cells). In

the studies of Douglas and King (38) little radioactivity of exogenous glucuronic

acid was fixed in tissues.

The relationship of ascorbic acid to connective tissue is of considerable in-

terest and importance. It is beyond the scope of this review to detail all pertinent

observations along these lines, but it is worthwhile to point out some biochemical

relationships between glucuronic acid and ascorbic acid. On the basis of studies

utilizing C’4-labeled glucuronic acid, Horowitz and King (65) concluded that

glucuronic acid is probably an intermediate in the synthesis of ascorbic acid from

glucose in the rat.

Such a mechanism has received striking support from the recent studies of

Isherwood, Chen and Mapson (66) who found that of many related carbohy-

drate derivatives only L-gulono-, L-galactono- and D-glucurono-’y-lactones, and

D-galacturonic acid methyl ester were converted to ascorbic acid by cress seed-

lings and by rats. In a subsequent study Mapson, Isherwood and Chen (93)

demonstrated the in vitro conversion of L-galactono-y-lactone to ascorbic acid

by mitochondria obtained from pea seedlings.

Older studies on the metabolism of glucuronic acid in humans need not be re-

viewed in detail in view of the relatively crude methods employed. Brox (24)

studied the normal excretion of glucuronides, as well as the stimulation produced

by the administration of menthol. Increased uromde excretion was found in

pregnancy, associated with toxicity, and in diabetes mellitus. In diseases asso-

ciated with severe damage to the liver parenchyma decreased excretion was

found. Fretwurst and Ahlhelm (54) have studied the fate of glucuronic acid ad-

ministered orally and intravenously to humans. The presence of liver disease

resulted in an increase in the portion of administered glucuronic acid which is

excreted. This evidence suggests that glucuronic acid is both synthesized and

degraded in the liver.

�. Hexosamines. Continually accumulating evidence points to the widespread

natural occurrence of the two amino hexoses, glucosamine (chitosamine), and

galactosamine (chondrosamine). In addition to their well established presence in

the mucopolysaccharides, the hexosamines are found in varying amounts in a

large number of proteins, being at particularly high levels in the mucoproteins

such as blood group substances and serum mucoproteins.

Recent studies utilizing isotopic tracer techniques have made it quite clear

that glucosamine derives from glucose without previous scission of the carbon

chain of glucose in at least several biological systems. Thus, studies in the au-

thor’s laboratory by Roseman ci al. (124) have demonstrated that the incorpora-

tion of 1-C”-glucose or 6-C’4-glucose into a semi-synthetic medium, upon which

a strain of Group A streptococcus is grown, leads to the formation of H.A., the

glucosamine of which contains C’4 of the same activity (in the appropriate car-
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bon atom) as the starting glucose. Identical results were obtained by Topper

and Lipton (i44), utilizing the same organism. Likewise, the studies of Becker

and Day (4), with regard to the formation of glucosamine in serum proteins of

the rat, led to similar conclusions. Studies by Rieder (119) of the synthesis of

the glucosamine of the egg proteins (principally in the ovomucoid and ovomucin)

also indicated the utilization of the intact glucose molecule for the synthesis of

glucosamine. These authors found that glycine (labeled with N’6 and C’4) did

not serve as a glucosamine precursor.

The mechanism of amination has not been entirely clarified. Lowther and

Rogers (89), in a preliminary report, found that glutamine or glutamic acid plus

ammonia were necessary for the synthesis of H.A. by resting cell suspensions of

hemolytic streptococci, indicating that the amide group of glutamine serves as

the precursor of the amino group of glucosamine. Leloir and Cardini (85) have

studied the mechanism of amination in extracts of Neurospora crassa as part of

a study of the mechanism of synthesis of chitin. Evidence was found that gluta-

mine is necessary for amination; the reaction presumably being between hexose-

6-phosphate and glutamine to yield glucosamine-6-phosphate.

Becker and Day (4) have proposed that glucosone serves as an intermediate

in the conversion of glucose to glucosamine. This conclusion was reached on the

basis of the finding that the administration of i-C’4-glucosone to rats resulted in

the incorporation of a greater amount of C’4 into glucosamine isolated from the

serum proteins than was obtained as a result of the administration of an equiva-

lent amount of i-C’4-glucose. A similar conclusion was reached by Topper and

Lipton (144) who found that the addition of glucosone to a medium containing

i-C’4-glucose resulted in a decrease in the radioactivity of the glucosamine por-

tion of the H.A. formed by hemolytic streptococci. Dorfman ci al. (35) have re-

investigated this question and found that 1-C’4-glucosone is a relatively ineffi-

cient precursor of glucosamine. It was postulated that the apparent conversion

of glucosone to glucosamine may result from the prior conversion of glucosone

to glucose. Support for this idea was found in the data of Becker and Day (4),

which show that the glucosone carbon acts as a precursor of liver glycogen. In

order to test this hypothesis, Dorfman ci al. (35) utilized uniformly labeled

glucosone in experiments with streptococci. It had previously been demonstrated

that glucose serves not only as a precursor of glucosamine, but also as a precursor

of the glucuronic acid portion of the H.A. molecule. If glucosone is incorporated

via glucose, the glucuronic acid should be labeled to the same extent as the

glucosamine. This was found to be the case. It was suggested that the explana-

tion of the more efficient utilization of glucosone than of glucose observed by

Becker and Day (4) may lie in the more rapid metabolism of glucose. It may be

concluded that present evidence does not substantiate the role of glucosone as

an intermediate in the synthesis of glucosamine from glucose.

Detailed information regarding the enzymes responsible for the degradation

of glucosamine and N-acetylglucosamine in mammalian tissue is as yet lacking.

A number of older studies suggest that glucosamine may be deaminated in the

liver to yield glucose (39, 58, 128, 157, 158). Other older studies on the degrada-
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tion of glucosamine both in vitro and in vivo are reviewed by Kawabe (75) who

also conducted studies of both the in vivo and in vitro degradation of glucosamine

(74, 75). Although evidence of degradation of glucosamine was obtained, the

methods used and the results obtained permit no more quantitative or detailed

conclusion. In a series of similar studies Watanabe (146-149) investigated the

metabolism of N-acetylglucosamine both in vivo and in vitro. By in vivo tech-

niques they found little evidence of N-acetylglucosamine utilization, although

evidence of the existence of a deacetylase in liver was found in vitro.

Bergfeld and Kapfhammer (5) have reviewed the literature concerned with

the question as to whether or not glucosamine is converted to glucose, and re-

studied this question in human subjects. Using relatively crude methods, no

positive evidence for such a conversion was found.

In a more recent study, carried out with considerably better enzyme tech-

niques, Lutwak-Mann (91) observed that the addition of amino sugars resulted

in an increase in oxygen uptake and ammonia production by renal cortex, testis,

brain cortex, ovaries, retina and, to a lesser extent, lung tissue. Liver, intestine,

mucus membrane, cartilage, spleen, erythrocytes, plasma and synovial fluid had

no such activity. Glucosamine, galactosamine and N-acetyl-glucosamine were

all utilized. Somewhat lower production of ammonia was obtained, as a result

of action on the acetylated sugar, by all tissues except brain cortex which did

not metabolize this compound. In all of the tissues studied, the utilization of

galactosamine was less than that of the glucosamine. The oxygen uptake in ani-

mal tissues (rat and rabbit) is accompanied by ammonia liberation and acid

formation, but not by liberation of CO2. In yeast and in certain bacteria (B. coli,

Streptococcus faecalis, and Proteus vulgaris) evidence of similar metabolism was

found, but, unlike what was seen in the mammalian tissues, this proceeded

anaerobically as well as aerobically. The liberation of acid corresponded to the

oxygen uptake, but not to ammonia production, suggesting that oxidation may

occur before deamination. Glucosamiic acid, however, was not utilized. The

metabolic products were not identified.

Deacetylation of N-acetylglucosamine in bacteria was suggested by the find-

ing of a volatile acid in the medium, following the action of a variety of strains

of streptococci on N-acetylglucosamine. Direct confirmation of this is furnished

by the demonstration of radioactivity in the acetic acid of the medium, after a

strain of Group A streptococcus has been grown in carboxyl labeled N-acetyl-

glucosamine (35). A cell free preparation of such a deacetylase has been obtained

from B. coti (125). As part of a study of the metabolism of H.A. by bacteria,

Sailman ci al. (127) demonstrated oxygen consumption when either N-acetyl-

glucosamine or glucosamine were utilized as substrate for a strain of B. coli.

Several studies have recently concerned themselves with the phosphorylation

of hexosamines. The first report of such phosphorylation was that of Harpur

and Quastel (64) who found evidence of phosphorylation of glucose, fructose,

and glucosamine by an acetone powder of white matter of brain. Since the phos-

phorylation of the three hexoses was not additive, it was concluded that a com-

mon enzyme was responsible. The rate of reaction was considerably slower for
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glucosamine than for glucose and for fructose, while the approximate Michaelis

constants were comparable for glucosamine and fructose ; both constants were

somewhat higher than that for glucose. N-acetylglucosamine was not phospho-

rylated and appeared to act as an inhibitor (apparently competitive in nature)

of the phosphorylation of glucosamine, glucose and fructose. Further evidence

of the phosphorylation of glucosamine was obtained by Grant and Long (59)

who showed that yeast hexokinase, in the presence of adenosine tniphosphate,

magnesium chloride, potassium fluoride, and potassium phosphate, catalyzed

the formation from glucosamine of a substance, the analyses of which suggested

a monophosphoglucosamine. The ester was found to be stable to normal acid

and contained a reducing group and a free amino-group. Brown (22) studied this

phosphorylation in somewhat greater detail, utilizing crystalline yeast hexo-

kinase and succeeded in identifying the product of the phosphorylation as glu-

cosamine-6-phosphate. Subsequent studies by Brown (23) showed that phospho-

glucosamine, obtained from rabbit muscle (both crystalline and amorphous

fractions were used, the latter being more active), catalyzed the conversion of

glucosamine-6-phosphate to a compound with properties consistent with a struc-

ture of glucosamine-1-phosphate. This reaction was found to attain equilibrium

at pH 7.53 and 30#{176}C.with the conversion of 19.2 per cent of the glucosamine-6-

phosphate. It could not be ascertained whether or not 1-6 glucosediphosphate

acted as a coenzyme for this reaction (as is the case for equilibrium between

glucose-6-phosphate and glucose-i-phosphate), but the author proposes that the

reaction probably does proceed through a diester. The rate of mutation of the

glucosamine ester was found to be very much slower than that resulting from

the action of phosphoglucomutase on the corresponding glucose ester.

A somewhat different pathway of formation of glucosamine phosphate esters

has been proposed by Leloir and Cardii (85). These authors demonstrated

amination of glucose-6-phosphate to form a compound which was thought to be

glucosamine-6-phosphate. It was proposed that mutation to the 1-phosphate

ester occurs following acetylation, although details of this mutation have not

yet been published, but it is said to be accelerated by glucose-i ,6-diphosphate.

Relatively little information is as yet available regarding the metabolism of

galactosamine, although Cardii and Leloir (27) have recently demonstrated

its phosphorylation in the presence of adenosine triphosphate and liver and

brain extracts, as well as a yeast enzyme. The enzyme activity appeared to be

parallel to the galactokinase activity, suggesting the possibility that the same

enzyme was responsible for both activities. The product formed, although not

positively identified, appeared to be galactosamine-1-phosphate. Pontis Videla

(118) has recently demonstrated the presence of a uridine diphosphate acetyl-

galactosamine compound, and has suggested that this is involved in the trans-

formation of glucosamine to galactosamine, in a manner similar to the trans-

formation of glucose to galactose.

The amino sugars are usually found to be acetylated. An exception appears

to exist in the case of heparin, where the amino group is thought to be sulfonated

(155, 156). Chou and Soodak (29) showed that glucosamine and chondrosamine
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(galactosamine) can be acetylated by an enzyme prepared from pigeon liver. In

crude extracts acetylation was demonstrated in the presence of adenosine tn-

phosphate, coenzyme A and acetate, while in purified preparations acetyl phos-

phate and transacetylase were used as the acetyl donor system. It was suggested

that the glucosamine acetylating enzyme differs from that involved in the acet-

ylation of arylamines. Acetylation of glucosamine by bacterial enzyme prepara-

tions has also been reported (73, 143).

Leloir and Cardini (85) found evidence of acetylation by a similar system with

an enzyme obtained from Neurospora crassa, but in this case acetylation appar-

ently also occurs with glucosamine-6-phosphate as substrate. It is not as yet

clear, whether or not physiological synthesis of polysaccharides involves acetyla-

tion before or after phosphorylation. Leloir and Cardini favor the idea that

acetylation occurs after phosphorylation of glucosamine. This view is in keeping

with the finding by Dorfman ci at. (35) that no evidence could be obtained for

the direct utilization of N-acetylglucosamine in the synthesis of H.A. by hemo-

lytic streptococci. The utilization of acetate for acetylation by crude pigeon

liver preparations, and by the system derived from Neurospora crassa, is in ac-

cord with the finding in this laboratory that radioactive acetic acid is incor-

porated into the acetyl group of H.A. The data discussed in a later section of

this review on mammalian skin suggest that a similar situation obtains with

respect to synthesis of H.A. and to the sulfated mucopolysaccharide of rabbit

skin.

Before leaving the subject of the enzymatic reactions of glucosamine, mention

should be made of the demonstration by Park (116, 117) of a uridine nucleotide

which contains an amino sugar, as well as of the more recent isolation by Cabib

ci at. (25) of a uridine diphosphate acetylglucosamine compound from yeast,

and of an apparently identical compound from liver by Smith and Mills (139).

it is suggested that this compound may play some role in the metabolism of

hexosamines, although no definite role has so far been established (vide infra).

Smith et at. (140) have demonstrated that, in the presence of an enzyme derived

from liver nuclei, this compound undergoes pyrophosphorylysis, as previously

indicated. The importance of the uridine nucleotides in the synthesis of poly-

saccharides is emphasized by the report of Leloir and Cabib (87) of the synthe-

sis of trehalose phosphate as a result of the interaction of uridine diphosphate

glucose and glucose-6-phosphate, and the report of Leloir and Cardini (86) of

the synthesis of sucrose as a result of the interaction of uridine diphosphoglucose

and fructose.

BIOSYNTHESIS OF MUCOPOLYSACCHARIDES IN STREPTOCOCCI

On the basis of the known structure of the acid mucopolysacchanides, it is

obvious that many possible pathways of biosynthesis may be postulated. Varia-

tion in the order of occurrence of specific steps permits many permutations in

pathways between remote precursors and final products. Final answers can only

be obtained after isolation and study of the enzyme systems involved. To a

limited extent, however, some data are now available pertinent to these ques-
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tions. These results have been obtained, to a large extent, using carbon-14 tracer

techniques in the study of the synthesis of H.A. by a strain of Group A strepto-

coccus.

A first approach was attempted utilizing carboxyl labeled N-acetylglucosa.

mine, since the demonstration of the incorporation of this compound would

obviate the necessity of the study of the incorporation of glucosamine. When

N-acetylglucosamine, labeled in the carboxyl group, was added to a semisyn-

thetic medium containing glucose, the H.A. produced by Group A streptococci

was found to be labeled in the acetyl group, thus suggesting that N-acetyl-

glucosamine could indeed be directly incorporated. Such a conclusion had pre-

viously been reached by Topper and Lipton (144) on the basis of the decrease

in the radioactivity of H.A., synthesized in the presence of i-C14-glucose when

inactive N-acetylglucosamine was added to the medium.

This conclusion, however, seemed open to question when the following facts

were ascertained. When labeled N-acetylglucosamine was added to the medium,

acetate isolated from the growth medium was found to be highly radioactive.

Furthermore, when carboxyl labeled acetic acid was incorporated into the me-

dium, the acetyl group of the H.A. was found to be highly radioactive. These

findings suggested that the apparent incorporation of N-acetylglucosamine may

actually be due to the following set of reactions:

N-acetylglucosamine � glucosamine + acetate

Acetate + X -* acetyl X -� polysacchanide

X may be glucosamine or any other intermediate (such as a disaccharide or

phosphorylated glucosamine intermediate). To test this hypothesis, additional

experiments were performed in which inactive acetic acid was added in addition

to the carboxyl labeled N-acetylglucosamine. If N-acetylglucosamine is directly

incorporated into the polysaccharide, the presence of inactive acetate should not

affect the degree of labeling, while if the mechanism proposed above were re-

sponsible for labeling, the presence of inactive acetate should result in a decrease

of the radioactivity of the H.A. formed. The latter was found to be the case,

thus making impossible the conclusion from this type of experiment that N-acet-

ylglucosamine is a direct precursor. This is consistent with the finding by Har-

pur and Quastel (64) and by Leloir and Cardini (85) that N-acetylglucosamine,

in contrast to glucosamine, is not phosphorylated by hexokinase and adenosine

triphosphate.

Further experiments were performed to determine whether glucosamine is

utilized for polysaccharide synthesis. For this purpose, C’4, N” doubly labeled

glucosamine was prepared by incorporating 1-C’4-glucose and N”H44 in a me-

dium upon which Aspergiltus niger was grown. The doubly labeled glucosamine,

which was isolated from the chitin of the mycelium, was utilized for the synthesis

of H.A. by the streptococcus. The ratio of C’4/N’6 was found to be almost iden-

tical in the glucosamine placed in the medium and in the glucosamine isolated

from the H.A., thus unequivocally demonstrating that glucosamine is a precursor

of H.A.
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The origin of the glucuronic acid portion of the polysaccharide molecule is not

clear. Incorporation of labeled glucuronolactone into the growth medium has

so far not resulted in incorporation of radioactivity into the molecule. Variation

of the pH of the medium seemed to play no role in this reaction. The lack of

direct utilization of glucuronic acid is consistent with the apparent lack of uti-

lization of this compound in uronide synthesis in the mammal (vide infra).

ACTION OF HYALURONIDASES

The widespread occurrence and ready availability of hyaluronidases has fo-

cused attention on the role of this enzyme in the metabolism of H.A. The litera-

ture on the action of hyaluronidase has been previously reviewed by Meyer (98),

Dorfman (33), and Meyer and Rapport (102), and will not be considered in

detail here. Although striking effects of hyaluronidase have been demonstrated

both in vivo and in vitro, the physiological or pathological role of these enzymes

is not as yet clear. In the mammalian organism the presence of hyaluroidase

has been conclusively demonstrated only in testes, although claims of its presence

in other tissues have been advanced (98).

There is at present no clearcut evidence to indicate that hyaluronidase plays

a significant role in the metabolism of the mucopolysaccharides in the mammal;

nevertheless, it is important to consider the nature of the action of hyaluroni-

dases.

The appearance of reducing substances upon hydrolysis of H.A. by hyalu-

romdases has indicated that the primary linkages attacked are of a glycosidic

nature. In view of the fact that H.A. is composed of equimolecular amounts of

N-acetylglucosamine and glucuronic acid, it is necessary that at least two glyco-

sidic linkages must exist within the molecule. The usual specificity of glycosida-

sea suggests that at least two enzymes are required for the splitting of H.A. to

monosaccharide units.

That more than one enzyme activity is involved in the breakdown of H.A.

became apparent from the failure of several early studies to show good corre-

spondence between the liberation of reducing substance and the reduction of

viscosity by different hyaluronidase preparations. Thus, Meyer ci at. (100) ob-

served that pneumococcal hyaluronidase hydrolyzed H.A. to give almost one

hundred per cent of theoretical reducing substances, whereas a testicular hyalu-

ronidase preparation, which showed a much more rapid rate of lowering of vis-

cosity, yielded only about fifty per cent of theoretical reducing substances. More

striking discrepancies have been reported by Meyer (98) for leech enzyme and

by Madinaveitia and Quibell (92) and McClean and Hale (97).

Other evidence for the difference in action of different enzymes has been re-

ported by Rogers (120, 121). This investigator found that H.A., or H.A. di-

gested by incubation with testicular enzyme, stimulated the production of hyalu-

ronidase by streptococci or Cl. wclchii, while H.A. digested by streptococcal

hyaluronidase did not stimulate enzyme production. On the basis of these facts,

and of other ancillary evidence, several investigators (100, 102) suggested that

the breakdown of H.A. to constituent monosaccharides required the participa-
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tion of at least two enzymes, an enzyme which brings about depolymerization

of the high polymer to smaller units and another which hydrolyzes these smaller

units to monosaccharides. Meyer made the more specific suggestion that one

enzyme was required to bring about hydrolysis to aldobionic units, while a

second is concerned with the hydrolysis of the aldobioic units to monosac-

charides.

More direct evidence for this concept was furnished by Hahn (60-63) who

carried out an extensive series of investigations of the action of hyaluronidase

obtained from testicular extract, leech heads, and filtrates of Cl. wckhii. Using

(NH4)2S04 and lead acetate, this investigator claimed to have separated the

enzymatic activity of testicular extract into two fractions which he designated

as mucopolysaccharase (MP) and muco-oligosaccharase (MO). The MP ac-

tivity was measured in terms of viscosity reduction, while the MO activity was

measured by liberation of reducing groups. By various fractionation procedures

it was possible to concentrate the mucopolysaccharase (i.e., increase viscosity-

reducing activity), while the muco-oligosaccharase activity (liberation of re-

ducing substances) was decreased. The addition of MO to a product, obtained

by the action of MP on vitreous humor H.A., resulted in an increase in reducing

power. It should be pointed out that these increases were relatively small. Fur-

ther evidence as to the nature of the reaction products was obtained by analysis

of the products by the method of frontal absorption analysis of Tiselius, utilizing

carbon as an adsorbent and ephedrine as the eluting agent. Under these condi-

tions, the product obtained as a result of the action of MO behaved in a manner

characteristic of monosaccharides, while that obtained by the action of MP was

strongly absorbed and could not be eluted by ephedrine.

Since the product of the reaction produced by MP gives the Elson-Morgan

color reaction, which presumably requires a free aldehyde group in the glucos-

amine portion of the molecule, Hahn concluded that the MP enzyme, which

breaks H.A. to some smaller particle, acts on the glucosaminide linkage.

It was thus tentatively suggested that MP is a glucosamiidase which hy-

drolyzes H.A. to a disaccharide containing a free reducing group in the glucosa-

mine portion of the molecule. The MO activity is then presumed to be a glucu-

ronidase.

East, Madinaveitia and Todd (49) have shown that testicular extract, as well

as other hyaluroidase preparations, contains an enzyme which splits $-phenyl-

N-acetylglucosamine, but that this activity is distinct from the depolymerizing

activity (as measured by viscosity reduction) of testicular enzyme. Other sources

of �3-phenyl glucosaminidase are devoid of hyaluronidase activity (East ci at.,

see above). More recently, Roseman and Dorfman (123) have demonstrated

the existence in testicular extract of an enzyme which splits a-phenyl-N-acetyl-

glucosaminide and which is distinct from both hyaluronidase (as measured by

the turbidity reducing method), and fl-phenyl glucosaminidase. This suggests

that if hyaluronidase is a glucosaminidase, it is specific with respect to substrate

(or molecular size).

Since H.A. contains equimolecular amounts of N-acetylglucosamine and glu-
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curonic acid, the splitting, to yield a product with a free aldehyde group in N-

acetylglucosamine portions, should yield a product which retains a glucuronide

linkage. The further splitting of this product would then require the action of a

glucuronidase. On this basis, Hahn (63) suggested that the MO activity might

consist of a glucuronidase, but found that the $-glucuronides of menthol, bor-

neol, and pregnanediol are not broken down by a water extract of testis.

Hahn (62) points out that there is as yet no evidence to indicate whether the

glucuronide linkage in H.A. is a or � in nature. No evidence of the existence of

an a-glucuronidase has yet appeared. More recently, however, Weissmann and

Meyer (152) have suggested that the glucuronide linkage is j� in nature.

Meyer, Linker and Rapport (104) have reiterated the suggestion that $-glucu-

ronidase is responsible for the breakdown of H.A. After treatment of H.A. with

relatively crude hyaluronidase, the reaction mixture was precipitated with alco-

hol and then subjected to further digestion by less pure testicular enzyme and

by a crude liver enzyme prepared according to the method of Fishman and

Talalay (52) to contain $-glucuronidase. The product of this reaction was sub-

jected to chromatographic analysis by the method of Whistler and Durso (154)

employing a carbon column and elution with water, alcohol, and pyridine mix-

tures. Monosaccharides are eluted with water and 5 per cent ethanol. Two peaks

were obtained, the first appearing predominantly in the water eluate and having

properties suggestive of glucuronic acid, while the second, which was eluted with

5 per cent ethanol, behaved as N-acetylglucosamine. Further evidence of the

nature of these substances was obtained by paper chromatography. In other

experiments the rates of release of reducing substances from the products pre-

pared by the action of crude testicular enzyme, crude liver enzyme, and a puri-

fied liver enzyme, were found to be similar. Crude testis enzyme was found to

hydrolyze 8-hydroxyquinoline glucuronide at the same rate as does a purified

liver �3-glucuronidase preparation. Crude testicular enzyme was found also to

hydrolyze the glucuronides of borneol, menthol, and phenolphthalein. The evi-

dence of these authors would seem to once again reiterate the fact that H.A. is

enzymatically split to monosaccharides. The role of fl-glucuronidase is highly

suggestive; however, it cannot be considered conclusively demonstrated because

no pure enzymes were used. The correspondence of the rate curves is not con-

clusive.

Weissmann ci at. (153) have suggested the formation of a variety of different

products from H.A. by the action of partially purified testicular hyaluronidases,

with a free reducing group on the N-acetylglucosamine moieties. On the basis

of chromatographic studies, evidence was obtained of the formation of a series

of oligosaccharides, the smallest of which was proven to be a disaccharide, since

it was converted to a methyl ester of heptaacetylhyalobiuronic acid which had

been previously satisfactorily characterized by Weissmann and Meyer (152).

However, even upon extensive digestion by the enzyme, only 10 per cent of the

H.A. was converted to disaccharide, while as much as 74 per cent was found in

the fraction which was thought to contain tetrasaccharides. The presence of a

variety of molecular sizes is attributed to transglycosidation reactions analogous
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to those recently demonstrated for other glycosidases. No definitive evidence

indicating the occurrence of such reaction with hyaluronidase has so far ap-

peared.

The possible difference in action of hyaluronidases from different sources has

been suggested by a number of different observations (102). Hahn (60, 61) com-

pared the behavior of partially purified enzymes obtained from Cl. perfringens,

leech heads, and testicular extract. Leech enzyme was found to release only 26

per cent of reducing substances (calculated as glucose), and a product which

gave the Morgan-Elson reaction only after treatment with alkali at high tem-

peratures. Enzyme obtained from Cl. pcrfringens cultures gave a higher reducing

value and yielded a substance which on absorption analysis behaved as N-acetyl-

glucosamine, but no evidence of a hexuronic acid could be obtained.

The difference in action of certain hyaluronidases has recently been studied

in some detail by Meyer and his coworkers. They have pointed out that the

pneumococcal (and streptococcal) enzymes differ from testicular enzyme in

substrate affinity, in extent of hydrolysis, and in temperature sensitivity. Linker,

Weissmann and Meyer (88) have reported that hyaluronidases derived from

pneumococci, streptococci, staphylococci, or Cl. perfringen.s produce a disac-

charide which is similar in composition to N-acetyl hyalobiuronic acid, but dif-

fers from the latter in Rf value, optical rotation, and hypoiodite reduction.

When the tetrasaccharide obtained by hydrolysis of H.A. by testicular enzyme

is hydrolyzed by pneumococcal enzyme, equal amounts of the bacterial disac-

charide and N-acetyl hyalobiuronic acid are obtained, but when the bacterial

enzymes act directly on H.A. only the bacterial disaccharide is obtained.

Further study on the nature of the “bacterial disaccharide” indicates that it

contains glucosamine, takes up 1 mole of bromine, 2 moles of hydrogen, and

absorbs ultraviolet light at 230 m�i. The hydrogenated product reduces ferri-

cyanide, but no longer gives the carbazole reaction for uronic acid, and has lost

the ultraviolet absorption.

The authors suggest that these properties are due to the formation of an

a-fl unsaturation of the uronic acid which occurs concomitantly with the hy-

drolysis of the glucosamiidic bond. It is of interest to point out that this a-fl

unsaturation would represent the same position in which a double bond is pro-

duced in the conversion of glucuronic acid to ascorbic acid. It is difficult to con-

clude that this action is actually due to the hydrolytic enzyme, in view of the

fact that crude enzymes were used in this study.

Problems regarding the specificity of hyaluronidase are still somewhat ob-

scured by the lack of pure enzyme preparations. Earlier studies along these lines

are detailed in previous reviews. It remains of importance to note that several

studies (103) indicate that testicular hyaluronidase brings about hydrolysis of

C.S.A. of cartilage, although enzymes obtained from bacterial sources do not

possess such actions. It is to be noted that in the latter study highly purified

enzyme preparations were used.

It is apparent from the above discussion that recent work, particularly by

Meyer and coworkers, has served to increase considerably the understanding of
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the mechanism of action of hyaluronidases, although many problems remain

unsolved. It is not yet apparent what role hyaluronidase plays in the metabo-

lism of the mucopolysaccharides. Recent studies on glycosidases suggest that

transglycosidation may occur quite generally as a result of the action of hy-

drolytic enzymes. That this may occur with N-acetylglucosamine glycosides, is

indicated by the report of Wallenfels (145) concerning the formation of galac-

tosido-N-acetylglucosamine as a result of the action of lactase on a mixture of

lactose and N-acetylglucosamine. A similar type of synthesis involving the pro-

duction of a growth factor for Lactobacittus bifidus (Pennsylvania strain) has

recently been reported by Zilliken ci at. (159).

METABOLISM OF MUCOPOLYSACCHARIDES IN MAMMALS

It is obvious from the preceding discussion that of the meager information

available regarding the metabolism of mucopolysaccharides, little has been de-

rived from study of mammalian connective tissue. This deficiency derives to a

great extent from the difficulty of securing adequate material for such studies.

Although connective tissue is widely distributed, its localization is such that

it is impossible to secure adequate material for the study of its metabolism by

the customary biochemical techniques. A possible exception to this is cartilage,

which has been studied to a somewhat greater extent than other connective

tissues.

There is as yet no certain definition of the cells responsible for the synthesis

or degradation of the mucopolysaccharides in connective tissue. It seems rea-

sonably certain that the cartilage C.S.A. (chondroitin A of Meyer and Rapport

(101)) is produced by chondroblasts. It has been widely assumed that H.A. is

produced by fibroblasts, although no definitive proof of this has been presented.

Asboe-Hansen (2) has suggested instead, that mast cells are responsible for the

formation of H.A. That these cells play a role in the formation of heparin, was

suggested some time ago by Jorpes (68, 69, 70) and has been accepted by many,

because of the presence of metachromatic granules in them. It is beyond the

scope of this paper to considei� the problems of cellular origins in detail.

The availability of � presents a highly advantageous tool for the study of

metabolism of mucopolysaccharides. This isotope has many advantages for such

studies, among which can be listed the following: 1) it is relatively cheap and

easily available; 2) its low-energy fl-emission is relatively easy to count and pre-

sents a minimum of health hazard; 3) it can be readily obtained as sulfate, and

can be used as such without requiring further synthesis; 4) incorporation as

ester sulfate can be readily determined by hydrolysis and precipitation of BaSO4;

and 5) the localization of the ester sulfate can be achieved by radioautography.

These advantages are counterbalanced by certain disadvantages, e.g. 1) the

method gives no information regarding the metabolism of H.A.; 2) conclusions

must be confined to changes of the sulfate ester group, since it is possible that

these are not correlated with changes in other parts of the molecule; 3) there is

as yet no clear definition of all of the ester sulfate compounds present. Thus,

the existence of more than one type of C.S.A. may result in confusion regarding
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conclusions with respect to metabolism. However, despite these difficulties, con-

siderable useful information has recently accumulated, as a result of studies

utilizing radioactive sulfate.

Singher and Marinelli (137) originally showed that the injection of radioactive

sulfate resulted in the fixation of radioactivity in bone marrow, as well as in

cartilage. Numerous other studies have now confirmed the incorporation of

radioactive sulfate in cartilage. Dziewiatkowski ci at. (43) showed that 20-25

per cent of labeled sulfate, administered to 7 day old suckling rats, was retained

after 48 hours. Of the S�’ retained at 24 hours, a concentration many times that

present in the blood and 14 times that present in the whole carcass, was found

in the cartilage of the knee joints. An increase in the concentration of � in the

cartilage was observed up to 24 hours after administration of the labeled sodium

sulfate, and little decrease was observed up to the 164th hour. In a subsequent

study, Dziewiatkowski (48) showed that the C.S.A. isolated from the knee

cartilage by the method of Bray ci at. (20, 21) showed a high radioactivity, thus

indicating that the S3’ in cartilage is present in the C.S.A. fraction. In this isola-

tion it was necessary to use carrier C.S.A., but the material was reprecipitated

to constant activity. However, it was not pure C.S.A. as evidenced by the pub-

lished analyses.

In order to determine the chemical specificity of the localization of adminis-

tered sulfate, Bostr#{246}m and Aqvist (ii) administered Na2S36O4 intraperitoneally

to a series of rats, groups of which were sacrificed at 2, 8, 24, and 48 hours after

a single injection. From pools of each group of animals the C.S.A. of the ribs,

and the taurine, cystine, and methionine of the liver, were isolated for deter-

mination of the radioactivity. High activity was found in the C.S.A., low (about

3 per cent), but significant, activity in the taurine, and none in the methionine

and cystine. It is thus apparent that administered sulfate is preferentially in-

corporated into the C.S.A. (as compared with the other compounds studied).

However, the presence of radioactive sulfate in other sulfate esters was not ex-

cluded (see studies on nervous system and liver discussed below).

Using a somewhat different method of prepaliation, Bostr#{246}m (8, 9) isolated

the C.S.A. from rib cartilage of the rat without use of carrier. On the basis of

analytical data the purity of the C.S.A. appeared somewhat greater than that

reported by Dziewiatkowski, but varied considerably in different preparations

(note variation of sulfur analyses of 4.09 to 5.68 per cent). The amount of 1.5

mgm. of S36-labeled Na2SO4 was injected intraperitoneally into nine groups of

20 rats each. The animals were sacrificed at varying intervals after the initial

injection, C.S.A. was isolated, and total blood sulfur and free blood sulfate of

intercostal muscles were determined. The radioactivity of both the total blood

sulfur and the sulfate of the intercostal muscles rose rapidly after injection of

the labeled sulfate, but fell to low levels in 24 hours, while the activity of the

C.S.A. rose to a maximum at about 24 hours and fell slowly from this point.

On extrapolation, the C.S.A. curve appears to drop to half its maximum value

by the seventeenth day. Bostr#{246}m ci at. (10) have attempted to study the rate of

metabolism of C.S.A. in tracheal cartilage utilizing quantitative radioautogra-
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phy. Although the rate of decrease of radioactivity in general simulates that

obtained by chemical methods, the data are not sufficiently exact for the deter-

mination of half-life times.

Dziewiatkowski (44, 45, 47) has utilized radioautographic techniques to study

the distribution of S” in different portions of bone and its variation with time.

Of considerable importance in these studies is the finding that the distribution

of radio-sulfate, as revealed by radioautography, varies with methods of fixation

used. This finding indicates the difficulties of drawing conclusions, regarding the

metabolism of individual compounds, on the basis of radioautographic studies.

The finding of the fixation of radioactive sulfate in cartilage led Layton and

Frankel (76), and Gottschalk and Allen (57) to study the concentration of �

in chondrosarcomata of human subjects. In two patients, marked uptake of

radioactive sulfate in such neoplasms was demonstrated, the extent of uptake

being apparently greater in one of the tumors, which had a larger amount of

ground substance.

In addition to the studies on the metabolism of C.S.A. by cartilage, a variety

of reports have dealt with the distribution of radioactive sulfate in various other

tissues. Thus, Odeblad and Bostr#{246}m (109), in a study of a variety of tissues of

adult rats and rabbits, found the sulfate concentrated in those tissues which are

known to contain sulfated mucopolysaccharides. In a separate study on the brain

of rats, Bostr#{246}m and Odeblad (13) found greater fixation of sulfate in the gray

matter than in the white matter of the cortex, as well as greater fixation in the

cerebellum than in other portions of the brain. The largest concentration of

radioactivity was found in the choroid plexus. No attempt was made in this

study (autoradiographic) to delineate the types of compounds responsible for

this fixation; it was, however, suggested that sulfolipids may be partly re-

sponsible.

Bostr#{246}m and Odeblad (12) studied the distribution of radioactive sulfate in

the genital organs of female rats and rabbits by radioautographic techniques,

and found localization in the granulosa layer of the follicle, as well as in the

follicular fluid. Odeblad (108) found only small amounts of radioactive sulfate

in the lutein cells, but, as might be expected, larger amounts in the connective

tissue surrounding the lutein cells. In other parts of the genital system S�’ was

found in areas known to be of high mucus content. In the corpus uteri the endo-

metrial stroma contained considerable amounts of S�’ after estrogen stimulation.

Bostr#{246}m and Gardell (18) have attempted to study the turnover rate of muco-

polysaccharides of adult rat skin utilizing chemical methods. The sulfated muco-

polysaccharides were separated by an electrophoretic method. The maximum

radioactivity of the ester sulfate of the polysaccharide, which was reached about

20 hours after a single injection, gradually declined at a rate suggesting a half-

life time of about 10 days. It should be pointed out, however, that the analyses

of the polysaccharides studied did not indicate that pure compounds were ob-

tained. For reasons which will be discussed below, there is considerable likeli-

hood that mixtures of polysaccharides were studied. In a separate study (i9),

localization of radioactivity in skin was investigated by radioautographic meth-
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ods. The localization in the corium was consistent with previous chemical stud-

ies, but, in addition, considerable uptake of 536 was noted in the hair follicles,

the walls of small vessels, and mast cells. The S3’ of the hair fofficles appeared

to disappear at a more rapid rate than that of the corium. It is of interest that

metachromatic material has been noted in the hair follicles; its chemical nature

has not been satisfactorily elucidated.

The presence of mucopolysaccharides in the aorta has previously been demon-

strated, and changes in their nature have been suggested as of importance from

the point of view of arteriosclerosis. Odeblad and Bostr#{246}m (110) have demon-

strated the localization of S3’ in the aorta of adult rabbits and have estimated

its half-life as 14 days, on the basis of quantitative radioautography.

Mast cells have been considered of importance in the metabolism of muco-

polysaccharides on the basis of the presence of metachromatic granules and of

an abundance of material stainable with Fuchsin sulfurous acid after periodate

oxidation. Various authors, particularly Jorpes ci at. (68-70), have suggested

that mast cells are responsible for the synthesis of heparin, while Asboe-Hansen

(2) has suggested that these cells are responsible for the synthesis of H.A. Using

radioautographic techniques, Jorpes (70) demonstrated that S�’ accumulates in

the mast cells of the subcutaneous tissue of the rat. It was not possible to esti-

mate a half-life time for the granules, since little evidence of decrease in radio-

activity was found after 18 days. This problem has recently been further

investigated by Asboe-Jansen (3), studying papillomas produced in mice by paint-

ing with 9, 10-dimethyl-i2-benzanthracene. In such tumors the dermal connec-

tive tissue shows a large concentration of mast cells. Marked accumulation of

radioactive sulfate was demonstrated in these cells. The author suggests that

the sulfated polysaccharide shown to be present may serve as a precursor of

both heparin and H.A., although the experimental evidence merely demonstrates

the presence of radioactive sulfate in the cell.

A variety of experiments have been concerned with the fixation of radioactive

sulfate by fetal tissues. Layton ci at. (77) demonstrated that the administration

of radioactive sulfate to pregnant rats results in deposition of radioactivity in

the tissues of the fetus, thus establishing transfer of radioactive sulfate across

the placental barrier. Secretion of radioactive sulfate in milk was also demon-

strated. Similar studies have been carried out by Dziewiatkowski (45), and Bos-

tr#{246}mand Odeblad (14), who studied the distribution of S3’ in the various tissues

of the embryo. Dziewiatkowski (45) showed that the concentration of S3’ in the

cartilaginous portions of humeri of the fetal skeleton was about thirty times that

of the maternal sternum.

It has now been demonstrated that fixation of radioactive sulfate occurs in

vitro as well as in vivo. Layton (78, 79) showed that tissue of explants of chick

embryos, incubated in Tyrode’s solution containing S��O4, exhibited easily de-

monstrable fixation of radioactive sulfate. That this was due to actual incorpora-

tion into tissue components was demonstrated by the following facts: a) exhaus-

tive washing of the tissues does not remove the radioactive sulfate, b) fixation

does not occur when incubation is carried out at 0#{176}C.,c) previous freezing of
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tissues prevents fixation. In addition to embryonic tissues, it was found that

granulation tissue also effectively fixes radioactive sulfates. In another publica-

tion, Layton and Frankel (76) have demonstrated that explants of chondro-

sarcomata fix large amounts of sulfate, as compared with surrounding tissues.

It was suggested that this technique may be useful for the diagnosis of such

tumors, relying on culture of biopsy specimens. Layton (83) has demonstrated

that the fixation of sulfate in vitro by chick tissues is similar to that observed

in vivo, the greatest fixation occurring in known locations of acid mucopolysac-

charides, such as cartilage and aorta. An exception to this is the active esteri-

fying system which is present in embryonic liver (81). This system, which ap-

peared to be more active at 20#{176}C.than at 37#{176}C.,was completely inactivated

after 40 hours at 37#{176}C.The esterification was accelerated by the addition of

phenol, suggesting that this represents a system for the esterification of phenols.

Another approach to the in vitro metabolism of the sulfated mucopolysac-

charides has been the use of cartilage slices by Bostr#{246}m and Mansson (17). When

slices of costal cartilage of suckling calves were incubated in Krebs-Ringer’s

phosphate or bicarbonate containing S35, incorporation in relatively small

amounts of radioactive sulfate in the isolated C.S.A. could be demonstrated.

The reaction appeared to be enzymatic in nature, since, a) incubation in 93.5

per cent N2. 6.5 per cent CO2 markedly reduced the extent of incorporation;

b) the system was inactivated by heating between 43#{176}C.and 47#{176}C.,and the rate

of reaction was increased with increasing temperature (below the inactivation

range); c) freezing and thawing results in inactivation; and d) the amount of

incorporation of S�’ is progressive with time. The authors studied the effect of

a large number of commonly used enzyme inhibitors, and found that those rea-

gents which combine with sulihydryl groups were more effective in inhibiting

this system than metal and carbonyl inhibitors. Moderate inhibition was also

observed with salicylates, but the concentrations required were in the range in

which salicylates act as protein denaturants. Bostr#{246}m and Mansson (17) have

reported that this fixation of S35 is stimulated by a heat stable factor found in

liver homogenates.

The incorporation of C’4 from acetate in cartilage slices, at a rate somewhat

slower than that of sulfate, has been reported by Bostr#{246}m and Mansson (16).

The incorporation was not linear with time. Although methyl-labeled acetate

was used, the acetate isolated from the C.S.A. showed distribution of the C’4

between the methyl and carboxyl group. The latter finding suggests that under

these conditions the rate limiting reaction was not necessarily polysacchanide

synthesis.

In view of the limitations of the information that can be obtained by the use

of Se’, a series of studies has been undertaken in the author’s laboratory utilizing

C’4 either alone or in combination with 535W Before studies of metabolic rates

could be undertaken, it was necessary to devise methods for the isolation of the

acid mucopolysaccharides free of other contaminating carbon compounds, as

well as their separation from each other. Schiller ci at. (132) have devised meth-

ods for the preparation from rabbit skin of both H.A. and a sulfated mucopoly-
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saccharide of high analytical purity. By all available methods, the H.A. behaves

like that isolated from other sources, but the sulfated fraction shows certain

discrepancies in behavior when compared with cartilage C.S.A. These are, a

lower color equivalent by the carbazole reaction, different behavior toward

testicular hyaluroidase, and difference in optical rotation. The exact nature of

the sulfated mucopolysaccharides has not as yet been elucidated.

Using these methods, it has been possible to study rates of incorporation of

C’4, following the administration of carboxyl labeled acetate and labeled glucose.

In the first set of experiments, C’4 carboxyl labeled acetate was administered in

three divided doses daily for various intervals. The rabbits were sacrificed at

the end of the periods and the H.A. and sulfated polysaccharides were isolated

from the skin of the individual animals for radioactivity analyses. The rate of

incorporation of C’4 into H.A. was found to be about 3 times as rapid as that

observed in the sulfated mucopolysaccharides.

In another set of experiments, approximately 0.75 mc. of carboxyl-labeled

acetate was administered in divided doses on one day and pairs of animals were

sacrificed on the first, fourth, eighth and twelfth days after the beginning of

injections (133). The initial radioactivity (18 hours after the last administered

dose) of the H.A. was found to be considerably greater than that of the sulfated

polysaccharides. The rate of decrease of this activity was much greater for the

H.A. than for the sulfated polysaccharides. Actual calculation of half-life time

was not entirely satisfactory because of the complexity of the kinetics involved

over the period of the experiment. Assuming first order kinetics, however, a

half-life time of about two days for H.A., and a considerably longer period for

the sulfated polysaccharides, was indicated. When polysaccharides from dupli-

cate animals for each time period were pooled and degraded, it was possible to

demonstrate that almost all of the radioactivity appears in the acetyl group.

This is in keeping with the previous demonstration of the utilization of acetate

for the N-acetyl group in the synthesis of H.A. by Group A streptococcus, and

the relative inefficiency of acetate as a precursor for glucose (which presumably

acts as the precursor of the hexosamine and glucuronic acid portions of the poly-

saccharide molecule).

The finding of a rapid rate of turnover of H.A. in the skin of adult rats is

somewhat surprising in view of the usually assumed stability of connective tis-

sue. However, it makes better understandable the known rapidity of changes

that apparently occur under certain physiological and pathological stimuli.

The marked discrepancy of turnover time in the H.A. and the sulfated poly-

saccharides deserves special comment. The data so far available suggest the

possibility that the sulfated polysaccharide isolated from skin may represent a

mixture of substances, thus, the apparent turnover rates would be a function

of more than one rate. It is apparent, that at least one sulfated substance is

present which turns over much more slowly than H.A. The actual rates observed

appear to be of the same order of magnitude as that observed by Bostr#{246}m and

Gardell (18) utilizing 53b�

That these half-life times are not due solely to exchange reactions of the ace-
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tate and sulfate groups is demonstrated by more recent experiments in which

uniformly labeled glucose has been used, and the turnover rates of the hexosa-

mine moieties have been studied. Almost identical half-life times have been ob-

tained (134).

The marked difference in the rates of synthesis of H.A. and C.S.A. is of con-

siderable physiological interest, in view of the differences in physical chemical

behavior that might be expected of these compounds as a result of the presence

of the sulfate ester group in the sulfated polysaccharides.

EFFECTS OF HORMONES

There exists an extensive biological literature regarding the effects of various

biological agents on connective tissues. Most of this is based on biological be-

havior or histochemical studies. No attempt will be made here to review these

various studies. This discussion will be confined to a brief consideration of those

studies which have utilized more direct chemical methods for the study of the

effects of hormones on the metabolism of mucopolysaccharides.

The striking clinical effects of adrenocorticotropic hormone and cortisone on

a variety of diseases which are characterized by changes in connective tissue

has led many investigators to study the effects of these hormones on connective

tissue. The author (34) has previously reviewed this literature. Layton (82)

found that the administration of cortisone to rats (20 mg. per kilo) resulted in a

drop to 25 per cent of control levels in the incorporation of � in the skin. Con-

comitantly, there was an increase in excretion of ester bound sulfate in the

urine. In another study, this author (80) found that cortisone alcohol inhibited

the esterification of S��O4 by explants of chick embryo tissues. It was claimed

that inhibition of synthesis occurred in the absence of inhibition of fibroblast

growth.

Bostr#{246}m and Odeblad (15) have studied the effect of cortisone on incorpora-

tion of 53504 both in vivo and in vitro. After the administration of cortisone to

rats there was a 60 per cent decrease in the incorporation of 535#{216}4 in rib car-

tilage. A decrease in incorporation into skin was also demonstrated by radio-

autography. Addition of cortisone alcohol to cartilage slices resulted in inhibi-

tion of in vitro incorporation of sulfate of up to 60 per cent. The inhibition was

proportional to the concentration of cortisone up to a level of 10 mg. per cent.

It should be pointed out, however, that this represents a relatively huge concen-

tration of cortisone. No data are given with respect to the effect of other steroids

under similar conditions.

Clark and Umbreit (30) have recently found that although cortisone alcohol

inhibits the synthesis of C.S.A. by cartilage slices, no such inhibition is produced

by hydrocortisone or its acetate, although desoxycorticosterone acetate did pro-

duce marked inhibition. These data cast considerable doubt on whether or not

the observed inhibition by cortisone has any significance in explaining the in vitro

effects of cortisone upon connective tissue.

Schiller ci at. (130) showed that although testosterone stimulated the synthe-

sis of mucopolysaccharides in the cock’s comb (as measured by hexosarnine
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analyses), as previously reported by Boss (7), no inhibition by cortisone was

observed. It was pointed out that the effect of hormones may vary, depending

upon local factors. A striking confirmation of this local effect was the finding by

Schiller and Dorfman (135) that, although testosterone caused a marked in-

crease in hexosamine in chick comb, no such change was observed in the skin

of the same animals.

Dziewiatkowski (46) studied the effect of thyroxine and thiouracil on the �

deposition in articular cartilage of suckling rats. Thiouracil resulted in a decrease

in the uptake of � but no stimulation of uptake by thyroxine could be dem-

onstrated, although the hormone did counteract the effects of thiouracil. In-

terpretation of these results in terms of direct effects on the metabolism of

the mucopolysaccharides is difficult in view of the effects of the hormones on

differentiation of the cartilage cells.

Ellis ci at. (51) have recently demonstrated that hypophysectomy in rats re-

sults in a decrease in the rate of incorporation of � in C.S.A. in rats, and this

can be partially restored by administration of growth hormone.

Several studies by Watson and Pearce (150, 151) have demonstrated the large

increase of mucopolysaccharides in pretibial myxedema. Along similar lines Lud-

wig ci at. (90) showed an increase in hexosamine and metachromatic material

in orbital contents in experimental exophthalmos in the guinea pig.

SUMMARY

An attempt has been made to bring together a variety of observations perti-

nent to the general subject of the metabolism of the mucopolysaccharides of

connective tissue. This has necessitated the consideration of biochemical and

biological phenomena which superficially, at least, appear unrelated. It is ob-

vious that at this stage of knowledge no definitive picture can be drawn of either

the mechanisms of synthesis or the influence of various biological factors thereon.

There are, however, an increasing number of indications of directions for promis-

ing investigations aimed at the elucidation of the metabolism of these com-

pounds, although many unsuspected surprises will undoubtedly appear.

In order to correlate some of the information which has been indicated in the

text and to bring this information in relation to well established reactions of

carbohydrate metabolism, the accompanying figures have been constructed.

Reactions which have been demonstrated are indicated by a solid arrow,

postulated reactions by a dotted arrow, and reactions which, on the basis of

available evidence, probably do not occur are indicated by cancelled arrows.

Figure 1 is concerned with reactions of hexosamines. The schemes illustrated

have been indicated on the basis of reactions which have been demonstrated in

a variety of tissues. It is obviously impossible at this stage of development to

speak of a pathway for any given tissue. For purposes of simplicity most of the

chart is concerned only with glucosamine, although it is likely that similar path-

ways apply to galactosamine, but these have hardly been studied at all. Phos-

phorylation of galactosamine by galactokinase has been demonstrated. It is to

be noted that N-acetylglucosamine is shown to be converted to unidine diphos-
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FIG. 3. Pathways of metabolism of mucopolysaccharides

pho N-acetylglucosamine. The demonstration of the pyrophosphorolysis of

UDPAG by an enzyme from liver nuclei, and the demonstration of the role of

uridine compounds in the synthesis of other heterologous glycosides (sucrose,

o-amino-phenol glucuronide) suggest the possible importance of this compound,
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although no direct evidence of the participation in mucopolysaccharide metabo-

lism has yet been obtained. It should also be noted that UDPAG may arise by

the amination and acetylation of UDPG.

Figure 2 illustrates some of the reactions involving the uronide portion of the

molecule. Of importance to note is that, although a- and f3-1-phosphoglucuronic

acid have been made synthetically, there is, so far, no evidence of their partici-

pation in enzymatic reactions. It should again be emphasized that the predomi-

nance of evidence indicates that glucuronic acid per se does not enter into uronide

synthesis. For these reasons it is suggested that oxidation of C. may occur after

glycoside formation.

In figure 3 an attempt is made to depict possible mechanisms involved in the

metabolism of the entire polysaccharide molecule. The reactions given involve

only H.A., it being assumed that similar reactions may be involved in the bio-

synthesis of C.S.A. which, of course, would, in addition, involve esterification of

sulfate, the mechanism of which is entirely unknown.

The possible role of the uridine compounds in the biosynthesis of these heterolo-

gous polysaccharides is illustrated in only a very general way, since there are no

data to point to probable mechanisms. It is obvious that this problem is com-

plicated by the necessity of formation of different alternate bonds. In addition

to the possible role of the uridine compounds, another mechanism is illustrated.

This involves the formation of a glycoside of N-acetylglucosamine. Two reports

have indicated that such glycosides may be formed by the action of hydrolytic

enzymes (145, 159). A similar compound isolated by Meyer ci at. (105) from

cornea has been named keratosulfate. If mechanisms for the oxidatior of the C.

carbon atom exist, such compounds might serve as intermediates in the syn-

thesis of mucopolysaccharides, while without oxidation of the C. carbon such

compounds may play a role in the synthesis of other hexosamine containing

compounds such as serum mucoproteins or blood group substances.

The schemes proposed in figures 1, 2, and 3 are not meant to lay definite claims

to actual pathways, but to be used as a framework for the correlation of many

scattered observations, and to point to certain suggestive pathways.

Kalckar and Strominger (personal communication) have recently isolated an

enzyme from liver which brings about the oxidation of UDPG to UDPGA as

postulated in this review.
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