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PREFACE 

This book presents an updated and expanded version of 

lecture notes that I started to prepare early in 19 74, in 

the aftermath of the October 1973 Middle East War. The orig

inal purpose of the notes was to serve as reading material 

for the students of the Feinberg Graduate School of the 

Weizmann Institute, who at the time were still mobilized in 

the Israel Defence Forces and could not attend my course 

on the Biochemistry of Complex Carbohydrates. Keeping in 

mind the conditions under which the students were to consult 

the notes, I attempted to make the material simple, clear 

and highly comprehensible, but not necessarily comprehensive, 

and to go beyond established facts to present newer concepts. 

What is perhaps more important, I tried to convey the feeling 

of excitement and fascination which, I believe, permeates 

xiii 
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research on carbohydrates, which is now undoubtedly one of 

the l i v e l i e s t and most excit ing fields in biochemistry. 

The need for such notes was also prompted by the fact 

that no sui table textbook or monograph on the subject has 

been avai lable , most of the material covered in my course 

being scat tered in reviews and original a r t i c l e s . Referen

ces to these are given at the end of each lec ture . 

In the i r present form, the notes are aimed mainly at 

graduate students in biochemistry and related areas. I do 

hope, however, that they will also be of aid to both young 

and established researchers in carbohydrate biochemistry. 

Only a basic knowledge of the chemistry of carbohydrates is 

assumed. Because of shortage of time and space, the coverage 

is not complete. I have not dealt with broad topics such as 

glycolipids, nor more specific ones such as l ipoteichoic acids 

and yeast mannans. 

In the preparation of the lecture notes for publica

t ion , I have been greatly encouraged by the many students, 

friends and colleagues, who not only shared with me the 

feeling that there is a pressing need for such a book, but 

also helped me with the i r comments and suggestions. I am 

par t icular ly indebted to ny colleague Dr. Halina Lis, who 

gave such of her time and thought to help me in the prepar-
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ation of the f inal manuscript. I wish a l so to express my 

gra t i tude to my highly e f f i c i e n t and dedicated secre ta ry , 

Mrs. Dvorah Ochert, who pa ins tak ingly typed the manuscript 

several times and introduced many useful cor rec t ions . 

Without t he i r e f fo r t s , I doubt if t h i s book could have been 

completed. 

N.S. 
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INTRODUCTION 

To an observer t ry ing to obtain a b i r d ' s eye view of 

the present s t a t e of biochemistry, ox what is sometimes 

referred to as molecular biology, l i f e may u n t i l very recent ly 

have seemed to depend on only two c lasses of compounds: 

nucleic acids and p ro te ins . We know, however, t ha t l i v ing 

organisms cannot ex i s t without o ther c lasses of compounds, 

notably carbohydrates and l i p i d s . One of these , the carbo

hydrates, is the subject of my l e c t u r e s . 

Carbohydrates form a very l a rge group of compounds of 

enormous theore t i ca l and p r ac t i c a l importance, both from the 

quant i ta t ive and qua l i t a t i ve points of view. Research on 

these compounds has undergone an immense r e v i t a l i z a t i o n dur

ing the l a s t decade, and is continuing to expand very rap id ly . 

As a r e s u l t of many new developments th i s f i e l d is now broad 

1 



2 COMPLEX CARBOHYDRATES 

in scope and r ich in v a r i e t y , touching on v i r t u a l l y a l l a s 

pects of chemistry and biology. 

The study of carbohydrates and t h e i r d e r i v a t i v e s has 

enriched our knowledge of chemistry, e spec ia l ly as to t h e 

ro le of molecular shape and conformations in chemical r e a c 

t i o n s . I t has led to the discovery of new b i o s y n t h e t i c r e -

react ions and enzymic control mechanisms and has c o n t r i b u t e d 

s ign i f i can t ly to the understanding of many fundamental b i o 

logical processes, such as the in t e rac t ions of c e l l s w i t h 

t h e i r environment. Moreover, i t has provided a bas is f o r 

the recognition of the enzymic defects of several g e n e t i c 

d isorders , and has ra ised hopes tha t it may be poss ib l e to 

t r e a t them ef fec t ive ly . 

We shal l not attempt to survey the f i e l d comprehens

ive ly , but ra ther discuss several major aspects of i t w i t h 

emphasis on recent advances r e l a t ed to the s t r u c t u r e , b i o s y n 

thes is and function of complex sacchar ides . Much of the mat 

e r i a l to be covered is not found in textbooks, even the most 

recent ones. I have therefore included references to r e v i e w s 

and or iginal a r t i c l e s which wil l help you in your s t u d i e s . 

Basic carbohydrate chemistry wi l l not be included, as i t is 

well covered in standard textbooks (1-3); nor sha l l I d e a l 

w i t h conformational analysis of sugars (4) , a subject of u t -
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most importance for the understanding of the chemical as well 

as the biological reactions of sugars (5). I urge you to 

consult some of the books and articles listed in the refer

ences. As an introduction to the course, I strongly recom

mend that you read the chapters on carbohydrates in any ad

vanced textbook of biochemistry. 

The name carbohydrate was originally assigned to com

pounds believed to be hydrates of carbon, of the general 

formula Cn (H20)n . With the accumulation of knowledge the 

definition has been modified and broadened. It now includes 

polyhydroxy aldehydes and ketones, alcohols and acids, their 

simple derivatives as well as the products formed by the con

densation of these different compounds via glycosidic (hemi-

acetal) linkages into oligomers (oligosaccharides) or poly

mers (polysaccharides). In fact many compounds of unusual 

structure, which do not conform to the general formula 

Cn (H20)n are now included in the enlarged group of carbo

hydrates . 

MATERIALS FOR ENERGY AND STRUCTURE 

The amount of carbohydrates found in nature is larger 

than that of any other group of natural compounds. The most 

abundant organic substance on earth is cellulose, a polymer 
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of glucose*, which is the structural material of plants. 

Another very abundant substance is chitin, a polymer of N-

acetylglucosamine. Chitin is the major organic component of 

the exoskeleton of arthropods such as insects, crabs and 

lobsters. Since arthropods are the largest class of organ

isms, comprising some 900,000 species (more than are found in 

all other families and classes together), it is little wonder 

that chitin is found in nature in very large quantities. It 

has been estimated that millions of tons of chitin are formed 

yearly by a single species of crab. 

Carbohydrates are also the main source of energy for 

living organisms and the central pathway of energy supply in 

most cells. They are the major products through which the en

ergy of the sun is harnessed and converted into a form that 

can be utilized by man and other animals, as well as by many 

other organisms. According to rough estimates, some 4 x 10 l l 

tons of carbohydrates are being formed each year on earth by 

the process of photosynthesis. The starches and glycogens, 

long chain polymers of glucose the structure of which differs 

from that of cellulose, are the media for energy storage in 

plants and animals, respectively. Coal, peat and petroleum 

*A11 sugars mentioned are of the D-configuration, unless 
otherwise noted. For simplicity the symbol D is usually 
omitted. 
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were most probably formed from carbohydrates by microbiolo

g ica l a n d chemical p roces ses . 

Ca rbohydra t e s are important const i tuents of the human 

d ie t and comprise a high percentage of the ca lor ies consumed. 

Thus, some 50-60% of the c a l o r i c intake of the inhabi tants 

of I s r a e l is in t he form of carbohydrates - glucose, f ructose , 

l a c t o s e , sucrose and s t a r ch . Sucrose is the major sugar of 

our f o o d ; i t s world production is now over 60 mill ion tons a 

year . Ca rbohydra t e s a lso serve as the basis for indus t r i e s 

of g r ea t economic importance such as paper and pulp, t e x t i l e 

f ibers a n d pharmaceu t ica l s . The pr incipal i ndus t r i a l carbo

hydrate i s undoubtedly c e l l u l o s e ; i t s world-wide usage i s 

est imated, at 800 m i l l i o n tons per year. 

T h e polysacchar ides j u s t mentioned - ce l lu lose , g ly

cogen, s t a r c h and c h i t i n - are r e l a t i ve ly simple polymers: 

they are homopolymers, made up of one type of monomer, g lu

cose or N-acetylglucosamine. This seeming s impl i c i ty , per 

haps even dul lness of s t r u c t u r e , is probably one of the rea

sons why b i o c h e m i s t s for a number of years lo s t i n t e r e s t in 

c a r b o h y d r a t e s . You can see a re f lec t ion of t h i s lack of 

i n t e r e s t toy looking through any textbook of biochemistry, 

where c a r b o h y d r a t e s a r e re legated to a secondary p lace , af

t e r p r o t e i n s and n u c l e i c ac ids , and where they are discussed 
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solely as structural or protective materials and as energy 

sources. Even in the most modern textbooks there is very 

little mention, if any, of the many other essential roles 

that carbohydrates perform, some of which I shall discuss 

in detail in this course. 

CHEMICAL PROBLEMS 

Another important reason why biochemists shied away 

from the study of carbohydrates stemmed from the many chem

ical problems encountered in dealing with these materials. 

Sugars are multifunctional compounds, with a number of hyd-

roxyls, most commonly four or three, of approximately equal 

chemical reactivity. Manipulation of a single selected 

hydroxyl group is in many cases a serious problem to this 

very day. Blocking one hydroxyl group, or leaving one free, 

can be achieved only with great difficulty, and requires 

careful design and execution of a complex series of reactions. 

Synthesis of a disaccharide is therefore a considerable ach

ievement, trisaccharides have rarely been synthesized, and 

there are only very few reports on the synthesis of higher 

oligosaccharides. This is in marked contrast to the situ

ation in peptide chemistry, where peptides made up of dozens 

of amino acids can readily be synthesized, not only manually 
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but also by automatic techniques, and at least three proteins 

- insulin, made up of 51 amino acids, ribonuclease (124 amino 

acids), and lysozyme (129 amino acids) - have already been 

synthesized. One reason for the relative ease of such syn

theses is that the number of steps involved in the prepar

ation of a peptide is rather small and is considerably less 

than that required for the synthesis of an oligosaccharide 

of similar size. Even more important is the tremendous dif

ference in the number of isomeric oligopeptides and oligo

saccharides that can be obtained from the same number of 

corresponding monomers (Table 1). 

From one amino acid, such as glycine, alanine or pro

line, we can make only one dipeptide. However, from one 
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hexose, such as glucose in i t s pyranose (s ix membered r ing) 

form, we can make eleven d i f f e r e n t d i sacchar ides . Eight of 

these are obtained by forming a g lycosidic l inkage v i a the 

oxygen atom attached to C-l, the anomeric carbon, of one 

sugar r ing e i t h e r in a or 3 configuration to carbons 2,3,4 

or 6 of another sugar r i n g . Carbon 5 is not f ree to p a r t i c 

i p a t e i n the formation o f the glycosidic l inkage s i n c e i t i s 

involved in formation of the pyranose r i n g . The remaining 

t h r e e disaccharides are formed by l inking C-l of both s u g a r 

res idues through a g lycos id ic oxygen in e i t h e r αα, αβ or ββ 

l inkages . The number is much grea ter if we a lso inc lude d i 

saccharides made from the furanose (five membered r ing) form 

of glucose. 

D-Glucose is the only sugar for which the complete 

s e r i e s of eleven pyranose disaccharides has been p r e p a r e d . 

I t i s i n t e r e s t i n g to n o t e , however, t h a t only one of t h e s e 

isomers, α,α-trehalose (or α-glucosyl-α-glucoside) o c c u r s , 

to any s i g n i f i c a n t e x t e n t , free in n a t u r e . Trehalose i s t h e 

major component of the blood sugar of adult i n s e c t s , and is 

a reserve carbohydrate in these , as well as in many o t h e r 

organisms. Another d i sacchar ide, gentiobiose (Glc-β-(l 6) -

Glc), occurs as a simple glycoside. Most of the o t h e r n i n e 

disaccharides occur in polysaccharides from which they can 
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be prepared by degradation, e.g. cellobiose (Glc-β-(l 4) -Glc) 

from cellulose; maltose (Glc-α-(l 4) -Glc) from starch. 

If we now consider the trimers, a single amino acid 

will give us only one tripeptide, whereas from a single hexo-

pyranose we can prepare - theoretically at least - 176 diff

erent trisaccharides. Finally, three different amino acids 

can form 6 tripeptides, whereas from the same number of hex-

oses the number of possible trisaccharides is 1056. The 

sugars in these saccharides, as in all other oligo- and poly

saccharides known to us, are bound by glycosidic linkages. 

An added complication which is not encountered in 

proteins and nucleic acids stems from the fact that whereas 

the latter are linear polymers, where branching is very rarely 

encountered, in polysaccharides branching is of common occur

rence. This increases greatly the number of possible struc

tures, and thus the difficulties in studying these compounds. 

UPS AND DOWNS IN INTEREST 

I have given you some of the reasons why carbohydrates 

were neglected by most chemists and biochemists for a long 

time, in fact until the early 1960's. Explicit expressions 

of this lack of interest have been recorded in the scientific 

literature. Thus, the British carbohydrate chemist D. J. Bell 
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relates that when, in the 1930's, he embarked upon the study 

of carbohydrates, he was told by his seniors working on other 

subjects that he would be ill advised to do so "as the field 

had now been fully worked out". Only some twenty monosacch

arides were then known; their number now is well over 100. 

In 1971 D. A. Rees, in the Eighth Colworth Medal Lec

ture entitled "Shapely Polysaccharides" (6), had this to say 

about the situation in carbohydrate research a dozen years 

ago: 

" I moved to Edinburgh where carbohydrate res
earch was, of course, very active already ... 
However, despite all the energy and thought 
that was going into our work, we all felt that 
carbohydrate chemistry and biochemistry were 
running down. Whelan mentions in his CIBA 
Lecture (in 1971] that he felt this way about 
starch and glycogen in about 1957. " 

But then Rees goes on to say: 

" Times have changed, however, and great things 
have happened since then. We have seen a slow 
unfolding of the story of polysaccharide bio
synthesis following Leloir's discovery of sugar 
nucleotides, which led to his Nobel Prize (in 
1970). Likewise, with great pleasure, we have 
watched Strominger's progress with the relation 
between antibiotic action and the bacterial cell 
wall. The three-dimensional structure and pro
bable mode of action of a carbohydrase enzyme has 
been shown to us by David Phillips and his group. 
Don Northcote and others have unravelled a great 
deal about how cytoplasmic organization leads to 
the structure of plant cell walls. The polysac
charides of mammalian connective tissue, and 
glycoproteins, begin to make biochemical sense 
for the first time ever. So many exciting dev-
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elopments have occurred that this period seems 
to have moved us out of a dark age to see poly
saccharides in quite a new light. They have 
become interesting molecules to contemplate in 
relation to the life of the cell. The ugly 
ducklings have begun to look a little more like 
swans. In this sense, polysaccharides begin to 
appear attractive molecules, shapely molecules. " 

The above is true nowadays not only for polysaccharides 

proper, but for complex saccharides in general, be they glyco

proteins, glycopeptides, peptidoglycans or glycolipids. 

If I may strike a philosophical note, this decline and 

rise of a scientific field is not unique to carbohydrates. 

After all, research in carbohydrates had its good days when 

it fascinated many great minds. The turn of the century wit

nessed Emil Fischer's trail-blazing carbohydrate work; some 

fifty years ago C. S. Hudson established his well known rules 

relating the optical properties of sugars to their structure 

and configuration, while W. N. Haworth devised the familiar 

sugar ring formula; thirty years ago M. L. Wolfrom was in the 

midst of his illustrious research on sugar chemistry and on 

the structural elucidation of polysaccharides, notably of 

heparin. 

Even about nucleic acids it was once said: 

" ... one can only hope that if we have not 
reached the last chapter in an interesting ser
ies of researches which was initiated by Miescher 
many years ago, we must be somewhat near the 
penultimate one. " 
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It is hard to believe that this statement appeared in a 

review on the progress of chemistry written in 1909! 

As mentioned, our attitude to carbohydrates has 

changed markedly during the last decade. There were many 

reasons for this change, first and foremost of which was 

undoubtedly the introduction of new and greatly improved 

techniques. Carbohydrate chemists working in the first 

half of this century had to rely almost exclusively upon 

carefully controlled chemical transformations and upon pol-

arimetry in the investigation of the structures of monosac

charides and their derivatives. Work at that time was fur

ther restricted by the lack of good separation techniques. 

The advent of chromatography in its various forms, and of 

powerful instrumental analytical methods such as nuclear 

magnetic resonance spectroscopy, infrared spectroscopy, 

ultraviolet spectroscopy, mass spectrometry and X-ray dif

fraction analysis, has permitted a complete transformation 

in the approach to the problem of carbohydrate structure. 

Moreover, combinations of these techniques can provide in

formation more rapidly, more conveniently, in greater det

ail and with smaller quantities of material than was prev

iously possible. 
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NEW AND UNUSUAL MONOSACCHARIDES 

One r e s u l t of the i n t r o d u c t i o n of new and powerful 

t e c h n i q u e s i n t o carbohydra te chemistry was the d i scovery of 

many new s a c c h a r i d e s , both s imple and complex. In r e c e n t 

y e a r s t h e r e has been a dramat ic i n c r e a s e in t h e number of 

r a r e s u g a r s i s o l a t e d from n a t u r a l sources and these have 

p r o v i d e d the carbohydra te chemist with new and cha l l eng ing 

p rob lems of s t r u c t u r a l de te rmina t ion and s y n t h e s i s . I s h a l l 

g ive y o u one example from a f i e l d which I have been a c t i v e 

in - new amino sugars ( 7 ) . Un t i l 1946 only two such sugars 

were known to occur in n a t u r e : g lucosamine, d i scovered by 

L e d d e r h o s e in 1876, and ga lac tosamine , d i scove red by Levene 

and LaFoxge in 1914. At the time i t was b e l i e v e d t h a t t h i s 

was t h e end of the s t o r y , but t h i s proved to be un t rue as 

the f o l l o w i n g f i g u r e s show: 

Year Number of known n a t u r a l 

amino sugars 

1946 2 

1953 4 

1960 20 

1970 50 

The f i r s t of t h e "new" amino s u g a r s , d i scovered in 

1946, w a s N -methyl-L-glucosamine, a c o n s t i t u e n t of the a n t i -
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b i o t i c streptomycin. Subsequently many other new amino 

sugars were found in a n t i b i o t i c substances (8) . Indeed, 

some an t i b io t i c s have an o l igosacchar ide- l ike s t r u c t u r e . 

These include the streptomycins and neomycins (F ig . l ) as 

well as other aminoglycoside a n t i b i o t i c s such as the kana-

mycins and paromomycins, a l l of which are used c l i n i c a l l y . 

Figure 1 Aminoglycoside a n t i b i o t i c s . In streptomycin, the 
sugar r ing at the bottom is of N-methyl-L-glucos
amine. Neomycin B contains 2,6-diamino-2,6-dide-
oxy-L-idose (bottom ring) and 2,6-diamino-2,6-
dideoxyglucose (top r i n g ) . 3-Amino-3-deoxyribose 
is the central r ing in puromycin. 

Neomycin B contains the diamino sugars 2,6-diamino-

2,6-dideoxyglucose and i t s 5 epimer, 2,6-diamino-2,6-

dideoxy-L-idose; kanamycin contains 3-amino-3-deoxyglucose 
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and 6-amino-6-deoxyglucose. Another aminoglycoside an t i 

b io t i c is puromycin, a well-known i n h i b i t o r of protein 

synthes is ; it is a nucleotide analog in which 3-amino-3-

deoxyribose is present instead of r ibose . The an t ib io t i c s 

c e l e s t i c e t i n and lincomycin (the l a t t e r therapeut ica l ly 

useful) contain as t h e i r carbohydrate moiety the unusual 

8-carbon amino sugar, 6-amino-6,8-dideoxy-D-erythro-p-

galactooctose (lincosamine) (8 ) . 

To learn more about the mode of action of these 

an t ib io t i c s and to improve on them it is desi rable to syn

thesize analogs with d i f ferent amino sugar cons t i tuen ts . 

This has , of course, served as a strong impetus to the 

development of new methods of synthet ic amino sugar 

chemistry. 

New amino sugars , as well as other types of sugars, 

have been i so la ted in recent years not only from an t ib io t i c s 
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but also from other sources, in p a r t i c u l a r from bac t e r i a l 

polysaccharides. One of the most important of these is the 

3-0-D-lactic acid ether of glucosamine, known as muramic 

ac id . This amino sugar, found only in b a c t e r i a , was i so la t ed 

for the f i r s t time by R. E. Strange and F. A. Dark in England 

in 1956. I t s N -acetyla ted der iva t ive , N-acetylmuramic ac id , 

together with N-acetylglucosamine form the polysaccharide 

backbone of the bac te r i a l ce l l wall peptidoglycan. 

Another new sugar is r i b i t o l (Fig .2) , a reduction 

product of r ibose . It is a const i tuent of the te ichoic 

ac ids , discovered by J. Baddiley in England during the 1950's , 

The teichoic acids are polymers of r ibi tol-5-phosphate or 

glycerol phosphate, found in Gram-positive bac t e r i a . In 

the cel l walls of these organisms, they act as immunological 

determinants and as bacteriophage receptors . 

An important sugar of unusual s t ruc ture is neuraminic 

acid (Fig.2) , the parent compound of the s i a l i c ac ids , which 
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are widely d i s t r ibu ted in na tu re . I t occurs in glycosid-

i ca l ly - l inked form, mostly in glycoproteins and g lyco l i p id s , 

and in th i s form is a prominent cons t i tuen t of ce l l sur faces . 

Neuraminic acid is a nine-carbon sugar acid, with an amino 

group in the molecule. It never occurs in nature unsubs t i -

tu ted: usually i t is found in i t s N -ace ty la ted form N -acetyl -

neuraminic acid, in b r i e f NANA or NeuN), sometimes as the 

N-glycolyl (CH20H-C0- ) de r iva t ive (NGNA), or as various 

d i subs t i tu ted der iva t ives ( e .g . N,0-diacetyl), a l l of which 

f a l l under the name " s i a l i c ac ids" . S i a l i c acid is a lso the 

const i tuent of the homopolysaccharide colominic acid found 
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in Escherichia coli. 

A rare diamino sugar - the f i r s t of i t s kind - which 

we have been studying in our laboratory for the l a s t f i f teen 

yea r s , is bacillosamine. I discovered th is sugar from a 

polysaccharide of Bacillus licheniformis (previously known 

as Bacillus subtilis) (Al) when I worked in the laboratory 

of R. W. Jeanloz at the Massachusetts General Hospital in 

Boston. Only recent ly , by the j o in t ef for ts of a number of 

coworkers, were we able to es tab l i sh i t s s t r u c t u r e , both by 

degradation and by chemical synthesis (A2) as 2,4-diamino-

2,4,6-trideoxyglucose (F ig .2 ) . 

F inal ly , as a cur ios i ty I would l ike to mention a 

rare nine carbon sugar, a nonulose (D-erythro-L-galactonon-

ulose, F ig .2 ) , i so la ted from the avocado pear by Sephton and 

Richtmeyer in 1966 (A3) . About 100 mg of the pure syrupy 

compound was obtained from 400 avocados, the t o t a l weight 

of which was 93 kg! 

SUGARS LINKED TO NUCLEOTIDES AND LIPIDS (9) 

I would now l ike to mention some other reasons for 

the increase of i n t e r e s t in carbohydrates. One of t hese , 

cer ta in ly of utmost s igni f icance , was the discovery of 

sugar nucleotides and t h e i r manifold ro les as intermediates 

in b iosynthet ic react ions - whether of monosaccharides or 
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of complex sacchar ides . The f i r s t sugar nuc l eo t ide , ur idine 

diphosphate glucose (UDP-Glc), was discovered by Lelo i r and 

his coworkers in Buenos Aires in 1949. 

To date , over 100 dif ferent sugar nucleot ides have been 

i den t i f i ed . Most of these are of the general s t r u c t u r e 

XDP' - Sugar 

where X can be any of the five nucleosides - adenosine, 

guanosine , cy t id ine , ur id ine and deoxythymidine, and the 

sugar is one of a large va r ie ty of s t r u c t u r e s , some of which 

are very uncommon. One example of t h i s type is cy t id ine 

diphosphate v ine lose , i so l a t ed from Azotobacter vinelandii, 
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the sugar moiety of which is branched (A4) . Branched cha in 

sugars cons t i tu te a r a re group of na tura l compounds, some of 

which have been found in a n t i b i o t i c s and in p lan t g l y c o s i d e s , 

UDP-Glc is the sugar nucleotide found in h ighes t 

concentrations in b iological mate r ia l s . It is the donor of 

glucose for the synthesis of glucosides (e .g . p h e n y l - 3 - g l u c -

os ide) , oligosaccharides (e .g . sucrose, l ac tose and t r e h a l 

ose) , polysaccharides ( e .g . s tarch and glycogen) and o t h e r 

glucose containing compounds. An unusual reac t ion in w h i c h 

UDP-Glc par t i c ipa tes is the modification of the DNA of t h e 

T even bacteriophages (e .g . T4) of E. c o l i , which c o n t a i n 

the base 5-hydroxymethylcytosine instead of cytosine (10) . 
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The hydroxyl group of the base serves as an acceptor of 

glucose from UDP-Glc and attachment of the sugar r e su l t s in 

the formation of a DNA which is p ro tec ted from degradation 

by the nucleases of E. col i . . 

The discovery of sugar nucleot ides led not only to 

the understanding of the b iosynthes is of unusual monosacch

arides and of complex sacchar ides , but also to the discovery 

in 1965 of a new type of ac t iva ted sugars - the l ip id- l inked 

sugars. These are sugar der iva t ives l inked to polyprenols 

by a mono- or diphosphate b r idge . One example is bactopren-

ol (also known by a v a r i e t y of o ther names, such as glycosyl 

c a r r i e r l i p i d ) which in the form of i t s sugar diphospho 

derivat ive is an in te rmedia te in the biosynthesis of bact 

e r i a l l ipopolysacchar ides and peptidoglycan. 

Recent work has demonstrated t ha t s imi lar compounds, 

the dol ichol phosphates , p a r t i c i p a t e in the biosynthesis of 

other microbial po lysacchar ides , and possibly also of glyco

proteins produced by animal c e l l s . The l ip id - l inked i n t e r 

mediates which are hydrophobic serve for the t ranspor t of 
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ac t iva ted sugars or oligosaccharides from the cytoplasm 

through the membrane to the ce l l surface or to the solut ion 

outside the c e l l . In connection with the study of the ro le 

of these intermediates in the biosynthesis of complex carbo

hydra tes , new pr inc ip les for the assembly of b io log ica l 

polymers have been discovered. Thus in the case of prote ins 

or of simple polysaccharides (such as glycogen) synthesis 

proceeds by the addit ion of a s ingle monomeric u n i t , in i t s 

ac t iva ted form, to the growing polymer chain. However, with 

l i p id - l i nked intermediates , a repeating ol igosaccharide u n i t , 

for example a t r i s accha r ide , is synthesized on the l i p i d 

c a r r i e r . The repeating uni t is subsequently polymerized, 

and only then attached to a polymeric acceptor. This unusual 

mechanism, in which a polysaccharide is preassembled on a 

l i p i d c a r r i e r , operates in the biosynthesis of b a c t e r i a l 

l ipopolysaccharides, of peptidoglycan, and perhaps also of 

animal glycoproteins. 

Studies of sugar nucleotides in r e l a t i on to the b i o 

synthesis of the bac te r i a l ce l l wall peptidoglycan have l ed 

to the c l a r i f i ca t ion of the mechanism of action of p e n i c i l l i n 

- s t i l l the most useful a n t i b i o t i c . This has also heightened 

the i n t e r e s t in the s t ruc tu re of the b a c t e r i a l c e l l wa l l . 

Speaking about the bac t e r i a l ce l l wall peptidoglycan, l e t me 
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remind you t h a t i t i s t h e s u b s t r a t e f o r lysozyme - t h e f i r s t 

enzyme whose t h r e e - d i m e n s i o n a l s t r u c t u r e was e l u c i d a t e d . 

This achievement of P h i l l i p s and h i s coworkers (11,12) was 

a landmark n o t only in t h e s t u d y of enzymes, b u t a l s o in 

carbohydrate r e s e a r c h . 

NEW CONTROL MECHANISMS (13) 

An enzyme for which a new type of c o n t r o l mechanism 

has been d i scovered i s l a c t o s e s y n t h e t a s e , which c a t a l y s e s 

t h e s y n t h e s i s o f the d i s a c c h a r i d e l a c t o s e ( G a l - β - ( l 4 ) -Glc) 

from UDP-Gal and g l u c o s e , a c c o r d i n g to the e q u a t i o n : 

UDP-Gal + g lucose G a l - β - ( l 4 ) - G l c + UDP 

The s p e c i f i c i t y of t h i s enzyme i s r e g u l a t e d by 

α-1acta lbumin, which a c t s as a " s p e c i f i e r p r o t e i n " . In t h e 

absence o f α-1acta lbumin, t h e enzyme w i l l n o t s y n t h e s i z e 

l a c t o s e b u t w i l l t r a n s f e r t h e g a l a c t o s e t o N-acety lg lucosamine 

t o form i n s t e a d t h e analogous d i s a c c h a r i d e N - a c e t y l l a c t o s a -

mine ( G a l - β - ( l 4)-GlcNAc) a c c o r d i n g to t h e fol lowing r e a c t i o n : 

UDP-Gal + GlcNAc G a l - β - ( l 4)-GlcNAc + UDP 

I t appears t h a t l a c t o s e s y n t h e t a s e i s n o r m a l l y invo lved i n 

the b i o s y n t h e s i s of g l y c o p r o t e i n s and can be changed i n t o an 
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enzyme with the s p e c i a l i z e d function of l a c t o s e s y n t h e s i s . 

Presumably, the l a c t a t i n g mammary gland is the only t i s s u e 

t h a t forms l a c t o s e , because i t i s the only one capable of 

making α-lactalbumin. The discovery t h a t α-1actalbumin, 

which has no c a t a l y t i c a c t i v i t y of i t s own, is one of two 

prote ins required for lactose synthetase a c t i v i t y i s o f 

unique b io log ica l s igni f icance. In addition to a b e t t e r 

understanding of the mechanisms regulat ing the p r o d u c t i o n 

of milk in the mammary gland, it has led to the d i scovery 

of other enzymes which consist of two di f ferent p r o t e i n s . 

GENETIC DISEASES 

A completely di f ferent reason for t h e new wave of 

i n t e r e s t in carbohydrates stems from the fact t h a t many of 

the genetic diseases of man, for which the molecular b a s i s 

have been elucidated, are defects of carbohydrate m e t a b o l 

ism, mostly of complex saccharides (Table 2) . These i n c l u d e 

galactosemia (14), a defect in galactose metabolism, c a u s e d 

by the lack of a s ingle enzyme - galactose 1-phosphate 

uridyl t ransferase. Galactosemia, l ike many o t h e r i n h e r i t e d 

disorders, causes mental re tardat ion and often death at an 

early age. Other genetic diseases l i s t e d in Table 2 i n c l u d e 

the mucopolysaccharidoses - disorders of mucopolysaccharide 
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Table 2 

Some genetic disorders of carbohydrate metabolism 

Disorder Defective enzyme or 
metabolic derangement 

Asparty lg lucosaminur ia 

F a b r y ' s disease 

F u c o s i d o s i s 

G a l a c t o s e m i a 

G e n e r a l i z e d gangl ios idosis 

J u v e n i l e G M 1 gangl ios idos is 

J u v e n i l e GM2 gangl ios idosis 

Glycogen storage disease 
Type 2 

H u n t e r ' s disease 

H u r l e r ' s disease 

M a n n o s i d o s i s 

S a n d h o f f ' s disease 

S a n f i l i p p o disease A 

S a n f i l i p p o disease B 

T a y - S a c h s disease 

N-acetylglucosaminyl-asparagine 
hydrolase 

α-galactos idase 

α-fucosidase 

Gal-1-P-uridyl t ransferase 

absent β-galactosidase 

d e f i c i e n t β-galactosidase 

deficiency of hexosaminidase A 

α-l-4-glucosidase 

iduronate sulfatase 

α-L-iduronidase 

α-mannosidase ? 

hexosaminidase A and B 

heparan sulfamidase 

α -N - acety1glucosaminidase 

hexosaminidase A 

m e t a b o l i s m - such as H u r l e r ' s and Hunter 's syndrome, and 

d i s o r d e r s of g lycol ip id metabolism, such as the Tay-Sachs 
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d i s e a s e , most common in E a s t European (Ashkenazi) Jews. In 

most o f t h e s e d i s e a s e s t h e enzyme miss ing i s n o r m a l l y i n v o l 

ved in t h e d e g r a d a t i o n o f complex s a c c h a r i d e s . 

CARBOHYDRATES AS DETERMINANTS OF BIOLOGICAL 

SPECIFICITY 

U n t i l r e c e n t l y , i t was n o t a p p r e c i a t e d t h a t a s a 

r e s u l t o f t h e p o s s i b i l i t y to form a l a r g e number of s t r u c 

t u r e s from a small number of monomers, n a t u r e can use 

s u g a r s f o r t h e s y n t h e s i s o f h i g h l y s p e c i f i c compounds t h a t 

w i l l a c t a s c a r r i e r s o f b i o l o g i c a l i n f o r m a t i o n . I n o t h e r 

words, monosaccharides can serve as l e t t e r s in a v o c a b u l a r y 

of b i o l o g i c a l s p e c i f i c i t y , where the words a r e formed by 

v a r i a t i o n s i n (a) t h e n a t u r e o f t h e sugars p r e s e n t ; (b) t h e 

type of l i n k a g e s (α or β, 1 2, 1 3, e t c . ) ; and (c) t h e 

p r e s e n c e or absence of branch p o i n t s . Indeed, we know now 

t h a t t h e s p e c i f i c i t y o f many n a t u r a l polymers i s w r i t t e n i n 

terms o f s u g a r r e s i d u e s , n o t o f amino a c i d s o r n u c l e o t i d e s . 

This i s a n i d e a which i s n o t e n t i r e l y n o v e l , b u t which has 

only r e c e n t l y become well e s t a b l i s h e d . 

I n the 1920's i t was s t i l l b e l i e v e d t h a t s p e c i f i c 

in format ion c a r r i e d i n biopolymers i n v o l v e d o n l y p r o t e i n s . 

Between 1925 and 1937 0. T. Avery, at t h e R o c k e f e l l e r 
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I n s t i t u t e in New York, together with M. Heidelberger and 

W. F. Goebel, demonstrated t h a t pure polysacchar ides can 

carry s p e c i f i c immunological messages as ant igens or haptens. 

Thus the highly pur i f i ed Type I I I pneumococcus " s p e c i f i c 

soluble substance" was a n t i g e n i c although it did not possess 

any of the propert ies of a polypeptide and was even found to 

be free of n i t rogen. This substance was shown to be a poly

saccharide, made up of c e l l o b i u r o n i c acid (a β-( l 4) l inked 

disaccharide of glucuronic acid and glucose, GlcUA-β- (l 4) -

Glc) l inked through β-(l 3) l i n k a g e s . The chemical bas i s of 

the a n t i g e n i c i t y of polysaccharides was thoroughly c l a r i f i e d 

through the appl icat ion of highly s o p h i s t i c a t e d end-group 

techniques developed by M. Heidelberger, E. A. Kabat, W. T. J. 

Morgan, 0. Westphal and many o t h e r s . At p r e s e n t it is well 

es tabl i shed t h a t carbohydrates are i d e a l l y s u i t e d for the 

formation of s p e c i f i c i t y determinants t h a t may be recognized 

by complementary s t r u c t u r e s , presumably p r o t e i n s , on other 

ce l l s or macromolecules. 

Last, but not l e a s t , sugars have become the c e n t e r of 

much i n t e r e s t because it has been shown t h a t they serve as 

determinants of s p e c i f i c i t y on c e l l surfaces (15,16) . The 

f i r s t i n d i c a t i o n for such a r o l e came from t h e discovery in 

1941 by G. K. Hir s t in New York and by R. Hare in Toronto, 
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t h a t the influenza virus agglut inated e ry throcytes . The 

molecular basis for t h i s hemagglutination phenomenon was 

o r i g i n a l l y obscure. Mainly due to the ef forts of A. Gotts-

chalk in Austral ia (17) it was shown very c l e a r l y t h a t the 

influenza virus binds to the red c e l l through s i a l i c acid 

residues present on the c e l l surface. If the s i a l i c ac id 

is enzymically removed from the surface by neuraminidase, 

the influenza virus wi l l no longer bind to the c e l l . 

In 1952 it was shown t h a t the s p e c i f i c i t y of the major 

blood types is determined by sugars. Thus, N - a c e t y l g a l a c t o 

samine is the immunodeterminant of blood type A, and gal

actose of blood type B. I n t e r e s t i n g l y , enzymic removal by 

speci f ic glycosidases of α-linked N-acetylgalactosamine from 

type A erythrocytes, or of α-linked galactose from type B 

erythrocytes wil l convert both to type 0 e r y t h r o c y t e s . The 

l a t t e r conversion has been demonstrated by N. Harpaz in our 

Department using an α-galactosidase which he has p u r i f i e d 

from coffee beans (A5) . 

There are many addi t ional examples of sugars as d e t 

erminants of spec i f ic i ty on c e l l surfaces, and in shaping 

the social l i f e of c e l l s , from the i n t e r a c t i o n of b a c t e r i o 

phages with b a c t e r i a , through the sexual union in yeasts 

and the "homing of lymphocytes". The l a t t e r is an extremely 
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in teres t ing phenomenon, f i r s t demonstrated by B. M. Gesner 

and V. Ginsburg at the NIH in 1964 (A6) . They found that 

ra t lymphocytes, labeled with rad ioac t ive phosphate and 

injected in to the r a t through i t s t a i l , migrated to the 

spleen. However, if p r i o r to in jec t ion the lymphocytes 

were t reated with a spec i f i c glycosidase to remove L-fucose 

from the i r surface, the lymphocytes migrated to the l ive r 

instead, as if the fucose on t h e i r surface d ic ta ted to the 

lymphocytes where to go. Work by G. Ashwell and A. G. 

Morel 1 in the U.S. has now c l ea r ly es tabl i shed that sugars 

also serve as recognition s igna ls for the survival and 

clearance of glycoproteins in blood serum. 

Final ly, a l t e r a t i on in sugar s t ruc tu re and archi tec

ture on cell surfaces appear to be in t imately connected 

with the process of malignant transformation. These changes 

can be revealed by the use of p l an t agglu t in ins , now known 

as l e c t i n s , as has been shown by M. Burger in Princeton and 

Basel, by L. Sachs and M. Inbar at the Weizmann I n s t i t u t e , 

as well as by my own group (18) . 

I t r u s t that what I have j u s t to ld you has conveyed 

to you the feeling of where we stand at present in the study 

of carbohydrates, both simple and complex. It is also my 

hope that I have convinced you why t h i s f i e ld is of such 

great importance, and why it is so exc i t ing . 
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GLYCOPROTEINS - I: GENERAL 

Glycopro te ins (1-5) a r e p r o t e i n s t o which carbohyd

r a t e s a re l i n k e d by g l y c o s i d i c bonds . The ca rbohydra te 

moie t ies vary in s i z e , from mono- o r d i s a c c h a r i d e s to 

p o l y s a c c h a r i d e s , and they a r e l o c a t e d a t v a r i o u s p o s i t i o n s 

on the p o l y p e p t i d e c h a i n . To d a t e we do n o t know of any 

g lycop ro t e in t h a t is b u i l t as a b lock copolymer , made up of 

a l t e r n a t i n g segments o f p e p t i d e s and o l i g o s a c c h a r i d e s . 

Glycopro te ins a r e wide ly d i s t r i b u t e d i n n a t u r e (Table 

3) . There is good reason to b e l i e v e t h a t most p r o t e i n s a r e , 

in f a c t , g l y c o p r o t e i n s . In o t h e r words , t h e r e a r e more 

p r o t e i n s t h a t con ta in c o v a l e n t l y - b o u n d ca rbohyd ra t e i n t h e i r 

molecule than p r o t e i n s t h a t a r e devoid o f c a r b o h y d r a t e . Thus, 

of the over 60 p r o t e i n s t h a t have been i s o l a t e d to da t e from 

human plasma, only serum albumin and prea lbumin a re no t 

33 



34 COMPLEX CARBOHYDRATES 

Table 3 

D i s t r i b u t i o n and f u n c t i o n of some g l y c o p r o t e i n s 

Pre s ume d 
functionα 

S o u r c e 
An i ma1 Other 

Structural 

Food reserve 

Collagen 
Mucopolysaccharides 

Casein 

Ovalbumin 

Yeast cell wall 

Lxtensin (plant cell 

wall) 

Soybean 7S glycoprotein 

Enzyme 

Transport 

Porcine ribonuclease B 

Porcine deoxyribonuc-

lease 

Porcine amylase 

Acetylcholinesterase 

Ceruloplasmin 

Haptoglobin 

Transferrin 

Ficin 
Pineapple stem bromelain 
Taka-amylase 
Yeast i n v e r t a s e 

Hormone 

Protective 

Thyroglobulin 

Human chorionic gona

dotropin 

Luteinizing hormone 

Follicle stimulating 

hormone 

Erythropoietin 

Fibrinogen 

Immunoglobulins 

Epithelial and submax

illary mucins 

Interferon 

Plasma and 

body fluids 

Toxins 

Unknown 

Fetuin 

α
1
-Acid glycoprotein 

(orosomucoid) 

α.2 -Ma croglobul in 

Blood group substances 

Avidin (egg white) 

Ricin 

Fungal phytotoxins 

Of intact molecules, not necessarily of carbohydrate portion 
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glycoproteins ( F i g . 3 ) . All the other p r o t e i n const i tuents 

Figure 3 Quant i ta t ive d i s t r i b u t i o n of p r o t e i n s in animal 
f l u i d s . The shaded areas represent g lycoproteins. 
Modified from Winterburn and Phelps (6) . (Numbers 
re fer to % of t o t a l weight of prote in in the f l u i d . ) 

of plasma- which by weight account for over 50 % of i t s 

t o t a l prote in content - are g lycoprote ins . These include 

α 1-acid g lycoprotein, f ibr inogen, t r a n s f e r r i n , ceruloplasmin, 
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the immunoglobulins, and so on. In hen egg-white, a l l t h e 

prote ins are glycoprote ins , with the exception of lysozyme, 

which accounts for about 3% of the pro te in content of the 

egg-white. In con t r a s t , in bovine pancrea t i c j u i c e only 

about 5% of the prote ins contain sugar. They include r i b o -

nuclease B, C and D, deoxyribonucleases and amylases. The 

col lagens, which comprise a quar te r to a t h i r d of the t o t a l 

prote in of the human body, are a l l g lycoprote ins . Many 

hormones, e .g . f o l l i c l e s t imula t ing hormone, l u t e i n i z i n g 

hormone and thyrot ropic hormone, are g lycopro te ins . An 

increasing number of enzymes have been shown to contain 

covalently bound sugar (7) . In addi t ion to those ment ioned, 

the l i s t of glycoprotein enzymes includes many o t h e r s , such 

as fungal glucamylase, human paro t id amylase, horseradish 

peroxidase, a lkal ine phosphatases, ace ty lchol ine e s t e r a s e , 

dopamine 3-hydroxylase and cytoplasmic a spa r t i c t r a n s a m i n a s e . 

Recent l i t e r a t u r e abounds in repor ts of new g l y c o p r o 

te ins with unusual p r o p e r t i e s . Of the many examples, I s h a l l 

give you only a few. Human i n t e s t i n a l enzymes, spec i f i c f o r 

the hydrolysis of the disaccharides maltose and sucrose , h a v e 

been shown to contain 30-40% carbohydrate by weight and to 

be r e s i s t a n t to p r o t e o l y t i c d iges t ion by papain (Al) . The 

major carbohydrates associa ted with these disacchar idases 
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are fucose, galactose and hexosamines. Rather s u r p r i s i n g l y , 

the pur i f ied enzymes demonstrated blood group a n t i g e n i c i t y 

of great potency, as l i t t l e as 8 x 1 0 - 9 to 1.5 x 1 0 - 7 M 

inh ib i t ing red ce l l agglu t ina t ion by the corresponding a n t i -

sera . The enzymes displayed the same blood group s p e c i f i c i t y 

as the erythrocytes of the donor from whom they were i s o l a t e d : 

enzymes from donors with blood type A possessed A a c t i v i t y and 

those from donors with blood type B had B a c t i v i t y . The blood 

group r e a c t i v i t y most probably res ides in the o l igosacchar ide 

chain covalently l inked to the d i saccha r idases . This is the 

f i r s t demonstration of blood group a n t i g e n i c i t y a s soc ia t ed 

with an enzymically ac t ive g lycoprote in molecule. 

Another very i n t e r e s t i n g g lycoprote in is the mater ia l 

responsible for the sexual agg lu t ina t ion of c e l l s from one 

type of yeast with those of another type . This s p e c i f i c 

sexual agglut inat ion fac tor , i s o l a t e d from Hansenula wingei 

type 5 haploid yeas t c e l l s (A2) is a g lycoprote in with a 

molecular weight of about 9.6 x 105 which is composed of 85% 

carbohydrate, 10% pro te in and 5% phosphate. The p ro t e in p a r t 

is unusual in tha t it contains 55% s e r i n e and 6-8% threon ine . 

The i so la ted glycoprotein, as the type 5 c e l l s from which it 

is obtained, wi l l s p e c i f i c a l l y a g g l u t i n a t e H. wingei type 21 

c e l l s . This a b i l i t y is destroyed by d iges t ion with pronase 
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or with a bacter ia l exo-a-mannanase. Thus both the pro te in 

and the carbohydrate components contribute to the spec i f i c 

recognition and binding a c t i v i t i e s of the type 5 yeast 

sexual factor . 

A th i rd example which I would l i ke to mention is from 

studies of the nervous system. For a long time it was be 

l ieved tha t myelin - the white fa t ty substance forming a 

sheath around some nerve f ibres - did not contain any glyco

pro te in . Rat brain myelin has, however, recent ly been shown 

to contain a glycoprotein component which cons t i tu tes about 

1% of the to t a l myelin protein (A3) . Although the chemistry 

and function of this glycoprotein have not yet been e s t a b l i 

shed, it is believed to play an important ro le in the process 

of myelination. This discovery is also of i n t e r e s t with 

regard to the speculations about the possible role of g lyco

proteins in memory and nerve transmission. 

Interferon, the a n t i v i r a l agent produced by mammals, 

has very recently also been shown to be a glycoprotein (A4) . 

Of great importance are the glycoproteins of ce l l membranes, 

which are a t t r ac t ing increasing a t t en t ion . The best char

acter ized of these is glycophorin (A5), the major glycopro

te in of the human erythrocyte membrane, which I sha l l d i scuss 

in more detai l in a l a t e r l e c t u r e . 
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Very unusual g lycoproteins have been i s o l a t e d from 

the sera of a n t a r c t i c f i s h . They have been ca l led " a n t i 

freeze g lycoproteins", s ince they have the unique property 

of inh ib i t ing the phase t r a n s i t i o n of water to ice and thus 

protect the f ish from probable death by freezing (A6). These 

glycoproteins, of molecular weight 11,000 to 32,000, possess 

the simple repeating s t r u c t u r e of Ala-Ala-Thr t r i p e p t i d e , to 

which a disaccharide Gal-β-(l 3) -GalNAc is at tached (Fig.4) . 

Figure 4 Structure of the antifreeze glycoproteins. The 

values of n differ for different glycoproteins 

isolated (e.g. n = 17, 28 or 35). 
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The disaccharide s ide chains are e s s e n t i a l for the a n t i f r e e z e 

a c t i v i t y of these glycoproteins , since t h e i r modif icat ion 

(e .g . by periodate oxidation) destroys t h i s a c t i v i t y . 

A group of compounds often c l a s s i f i e d as g l y c o p r o t e i n s 

are the mucopolysaccharides, or proteoglycans , of c o n n e c t i v e 

t i s s u e - e .g . the chondroitin s u l f a t e s , hepar in and k e r a t o -

s u l f a t e . They d i f fer from the typical g lycoprote ins d e s 

cribed before in tha t they contain long polysacchar ide c h a i n s 

with a molecular weight of 20,000 or more ( i . e . polymers made 

up of about 100 monosaccharide u n i t s ] . Another unique f e a 

tu re of mucopolysaccharides i s tha t t h e i r carbohydrate s i d e 

chains are composed of repeating d isacchar ide u n i t s . No 

repeat ing sequences are found in other g lycoprote ins where 

the saccharide s ide chains are much s h o r t e r - from a molec 

u l a r weight of 180 (a monosaccharide) to about 3,000 (17 

monosaccharide u n i t s ) . There are , however, carbohydrate 

s t ruc tu res that are common to many g lycopro te ins , such as 

the t r i sacchar ide NANA-Gal-GlcNAc or the d i sacchar ide 

NANA-GalNAc, but they do not occur in a r epea t ing manner 

along the oligosaccharide s ide chain. Also, mucopolysacch

arides usually contain uronic acids and s u l f a t e groups, n o t 

found in typical glycoproteins. In recent years i t has b e e n 

shown, however, tha t brain glycoproteins are s u l f a t e d , as 
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are g a s t r i c mucosa g lycopro te ins . It is poss ib le tha t many 

other glycoproteins may be found, upon careful re-examination, 

to be su l fa ted . 

Mucopolysaccharides were considered un t i l the ear ly 

1960's to be pure carbohydrates, devoid of any prote in . As 

we now know, t h i s was because a l k a l i was commonly used for 

t h e i r extract ion from t i s s u e s ; in t h e i r na t ive form the 

polysaccharide chains of mucopolysaccharides are linked to 

proteins through l inkages t ha t are a l k a l i - l a b i l e . Only 

when biochemists s t a r t e d to use p r o t e o l y t i c enzymes for the 

i so la t ion of mucopolysaccharides from t i s sues did they 

observe tha t these compounds always contain covalently bound 

pro te in . In sp i t e of the demonstration t ha t mucopolysacch

arides are glycoproteins , they continue to be considered as 

a separate group and w i l l be discussed separa te ly in th i s 

course. 

For many years it has been known tha t glycoproteins 

cover the l in ing of the r e sp i r a to ry and i n t e s t i n a l t r a c t s , 

are responsible for the v i s c o s i t y of s a l i v a and cervical 

mucus, and lubr ica te the eyeball in the eyesocket. These 

compounds, known as mucins, were the f i r s t - and un t i l some 

25 years ago the only - group of glycoproteins to be recog

nized as such (8) . When other p ro te ins were found to con-
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ta in sugar they were believed to be impure and the s u g a r was 

assumed to be a contaminant. In f ac t , when a b iochemis t 

detected carbohydrate in a typ ica l p ro t e in , i . e . one which 

was not mucin-l ike, he e i t h e r did not pay a t t e n t i o n to t h i s 

f inding, or made ef for t s to remove the sugar from the p r o t e i n . 

In many diseases changes are often observed in t h e 

levels of glycoproteins in body f lu ids and t i s s u e s (9) - A l 

though the reason for these changes is usua l ly o b s c u r e , g l y c o 

proteins are a t t r a c t i ng the a t t en t ion of phys ic ians . The 

increase in c l i n i ca l i n t e r e s t in glycoproteins i s a l so t h e 

r e su l t of the recognition that in a number of genet ic d e f e c t s 

(Table 2, page 25) accumulation of mucopolysaccharides or 

other glycoproteins occurs. In other d i seases , the l e v e l of 

glycoproteins may be decreased. This is the case in W i l s o n ' s 

disease, which is characterized by defects in copper m e t a b 

olism and a shortage of ceruloplasmin, a copper t r a n s p o r t 

glycoprotein found in serum, which serves as a molecular 

l ink between copper and iron metabolism. 

SUGAR CONSTITUENTS 

Although over 100 d i f fe ren t monosaccharides have been 

recognized in nature , only about a dozen have been found in 

glycoproteins (Table 4) . Since many animal g lycop ro t e in s 
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have now been careful ly analysed, it is safe to assume tha t 

there i s l i t t l e l ike l ihood of f inding , a t l e a s t in animal 

glycoproteins, sugars o the r than those given in the t ab l e . 

Table 4 

Monosaccharide cons t i tuen t s of glycoproteins 

Hexoses Galactose 

Mannose 

Glucose 

Deoxyhexoses L-Fucose 

Hexosamines N -Acetyl glucosamine 

N-Acetylgalactosamine 

S i a l i c acids Acylneuraminic acids 

Pentoses Xylose 

L-Arabinose 

In most g lycoprote ins , the configuration of 
the sugars present has not been proven con
clusively . Typical sugar cons t i tuen ts of muco
polysaccharides are not l i s t e d . 

Included in t h i s l i s t are xylose, found in the carbo

hydrate-peptide l inking region of mucopolysaccharides, and 

L-arabinose, a typ ica l cons t i tuen t of glycoproteins of plants 

(but not of animals) . I have not included in the tab le the 

uronic acids (D-glucuronic and i t s 5-epimer L-iduronic) which 

are components of the disacchar ide repeat ing sequences of 
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mucopolysaccharides, but are not found in other glycoproteins. 

The proportion of sugars in glycoproteins varies 

from 0.5% in some collagens, to 85% in blood group substances 

(Fig.5). It is possible that there are glycoproteins with an 

even higher content of sugar, since there is some evidence 

that glycogen contains small amounts of protein. If this 

protein is covalently bound, glycogen may be considered as 

a glycoprotein with over 99% sugar. The protein in this case 

may serve as the core, on which the polysaccharide chains of 

glycogen grow. It is possible, therefore, to view the carbo

hydrate spectrum of glycoproteins as extending essentially 

from 0 to 100%. Let us, however, not forget that there are 

"true" proteins, such as lysozyme, ribonuclease A and con-

canavalin A, that do not contain any sugar in their molecules, 

As I said before, most proteins contain covalently 

bound sugar and are, therefore, glycoproteins. The reverse 
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Figure 5 Carbohydrate content of g lycopro te ins from 
animals and p l a n t s . 

is true for polysacchar ides , e s p e c i a l l y those of animal 

t i s s u e s , many of which are now known to contain varying 

amounts of covalently bound p r o t e i n . 
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GLYCOPROTEINS - I I : ISOLATION AND CHARACTERIZATION 

For the i so la t ion and p u r i f i c a t i o n of glycoproteins 

we usually employ the same methods as those used in the study 

of prote ins devoid of carbohydrates. There are , however, 

some problems r e s u l t i n g from the presence of sugars in a 

prote in molecule. Since sugars are polar compounds, glyco

prote ins tend to be more soluble in aqueous so lut ions and 

consequently i t i s not always poss ib le to p r e c i p i t a t e 

sugar-rich glycoproteins with typ ica l prote in p r e c i p i t a n t s 

such as ammonium s u l f a t e . On the other hand, high s o l u b i l i t y 

may in some cases be of help in the i s o l a t i o n of g lycoprot

e ins , such as α 1 -acid glycoprotein and fe tu in, which are 

among the serum glycoproteins r i c h e s t in carbohydrate. These 

glycoproteins are soluble in t r i c h l o r a c e t i c and p e r c h l o r i c 

acid and can therefore be readi ly separated from the bulk of 

48 
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the other serum p r o t e i n s and g l y c o p r o t e i n s . The high negat

ive charge imparted to c e r t a i n g lycoproteins by a large 

number of s i a l i c acid, uronic acid or s u l f a t e res idues, has 

been used to advantage in separat ion procedures employing 

anion exchange chromatography, e l e c t r o p h o r e s i s or p r e c i p i t 

ation by complex formation with quaternary ammonium s a l t s . 

In addit ion to changing the s o l u b i l i t y and charge of 

p r o t e i n s , sugars also af fect t h e i r d e n s i t y . Because sugar 

molecules are s i g n i f i c a n t l y heav ier (by about 15%) than 

those of amino ac ids , sugar-r ich glycoproteins can be sep

arated from p r o t e i n s by dens i ty gradient centri fugation in 

cesium c h l o r i d e . 

During the l a s t couple of years , a s p e c i f i c , mild and 

highly e f fect ive technique for t h e i s o l a t i o n of glycoproteins 

has been introduced, which is gaining much popular i ty . It is 

based on the a b i l i t y of l e c t i n s to bind mono- and oligosacch

arides in a s p e c i f i c and r e v e r s i b l e manner. Lectins also 

i n t e r a c t with g lycoproteins and p r e c i p i t a t e them from solution. 

Such p r e c i p i t a t e s can be dissolved by the addition of the 

sugar(s) for which the l e c t i n is s p e c i f i c . For example, 

concanavalin A w i l l p r e c i p i t a t e most glycoproteins from serum, 

leaving the albumin in s o l u t i o n . Dissolution of the precip

i t a t e is achieved by the a d d i t i o n of methyl α-mannoside or 
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methyl α-glucoside for which concanavalin A is s p e c i f i c . 

A p a r t i c u l a r l y useful extension of t h i s technique involves 

separation of glycoproteins from prote ins on columns of 

immobilized l e c t i n s , i . e . l e c t i n s l inked to inso luble c a r 

r i e r s such as the commercially avai lable polymers Sephadex 

or Sepharose (Al). Glycoproteins t h a t bind to such columns 

can be eluted by so lut ions of the spec i f ic s u g a r ( s ) . Of the 

many examples appearing in the l i t e r a t u r e on the use of such 

columns, there is one that I find r a t h e r impressive. The 

glycoprotein enzyme dopamine β-hydroxylase, present in chro

maffin vesicles of bovine adrenal glands, was i s o l a t e d from 

lysates of these ves ic les and obtained in pure form and high 

y ie ld by a s ingle passage through a column of concanavalin A-

Sepharose (A2). Immobilized concanavalin A has a lso been 

used for the i s o l a t i o n of immunoglobulins and o t h e r serum 

p r o t e i n s , of blood group substances and of many enzymes 

such as glucose oxidase. The a v a i l a b i l i t y of o t h e r l e c t i n s 

with different sugar s p e c i f i c i t i e s g rea t ly increases t h e 

v e r s a t i l i t y of t h i s method. Since l e c t i n s provide us with 

the only speci f ic tool for the separat ion of p r o t e i n s and 

glycoproteins, there is no doubt t h a t t h e i r use for t h i s 

purpose wi l l continue to grow. 

A number of problems are often encountered in the 
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character izat ion of a pu r i f i ed glycoprote in . F i r s t and 

foremost is the question of molecular homogeneity. Although 

proteins proper are as a ru le monodisperse, t h i s is not 

always the case with g lycopro te ins , which very often exhibi t 

molecular he terogenei ty . An extreme example are the carbo

hydrate r ich blood group subs tances , the molecular weight 

of which ranges between 3 - 10 x 10 5 . There are also great 

d i f f i cu l t i e s in es tab l i sh ing the molecular weight of glyco

pro te ins . Proteins containing a subs tan t i a l amount of 

carbohydrate behave in an anomalous manner during gel f i l 

t ra t ion and gel e l ec t rophores i s . While a l i nea r r e l a t i o n 

ship ex is t s for most g lobular p ro te ins between the i r e lut ion 

volumes on Sephadex gel columns and the logarithm of t he i r 

molecular weight, glycoproteins such as f e tu in , ovomucoid 

and thyroglobulin do not conform to the above r e l a t ionsh ip . 

This appears to be due to a g rea t e r hydration in solut ion 

brought about by the carbohydrate u n i t s , r e su l t i ng in a 

more expanded s t ruc tu re for glycoproteins than that for 

proteins not containing carbohydrate. The use of gel f i l 

t ra t ion for the purpose of molecular weight determination 

of glycoproteins is therefore precluded. 

The finding tha t the migration of most proteins during 

acrylamide gel e lec t rophores i s in the presence of sodium 
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dodecyl su l fa te (SDS) is inversely re la ted to the l o g a r i t h m 

of t h e i r molecular weights has served as the b a s i s of a very 

e f f ec t ive tool for the charac ter iza t ion of a l a rge number of 

p r o t e i n s . Glycoproteins with high carbohydrate c o n t e n t have 

been found to migrate in t h i s type of e l e c t r o p h o r e s i s at r a t e s 

slower than would be expected from t h e i r molecular mass . The 

low mobil i ty of these carbohydrate-containing p r o t e i n s was 

shown to be the r e s u l t of t h e i r binding a smal ler amount of 

SDS on a weight bas is than standard prote ins of t he same mass . 

This method, too , can therefore not be used for r e l i a b l e e s t 

imation of the molecular weight of g lycoprote ins . 

PROBLEMS OF SUGAR ANALYSIS 

The next question we usually ask i s : how much s u g a r 

does the glycoprotein contain and what are i t s m o n o s a c c h a r i d e 

cons t i tuents? Although th i s may seem to be an easy p r o b l e m 

to t a ck l e , in fact i t is a d i f f i c u l t one (1 ) . 

The t o t a l amount of sugar in glycoproteins is e s t i m a t e d , 

co lor imet r ica l ly by the use of old fashioned sugar r e a g e n t s 

(A3,A4) . One of the most useful of these is the p h e n o l -

su l fu r i c acid method, which measures the t o t a l c o n t e n t of 

n e u t r a l sugars. Some of the color imetr ic methods a r e more 

spec i f i c ; fucose, for example, can be estimated by t h e 
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cys te ine-su l fu r ic acid method of Dische and S h e t t l e s . How

ever, most techniques for the q u a n t i t a t i v e determination of 

individual sugars in glycoproteins usual ly require the l i b 

eration of the monosaccharide from the g lycos id ic l inkage. 

The reason for t h i s is t h a t , with the exception of the car-

boxyl group of s i a l i c ac id s , the only groups present in the 

sugar moieties of glycoproteins which can be recognised by 

physical or chemical methods, without hydro lys i s , are the 

hydroxyl groups and these a re common to a l l types of sugar. 

This is in c l ea r con t r a s t to the s ide chains of the amino 

acid residues in p ro t e in s which are general ly f ree , vary 

great ly in s t r u c t u r e and r e a c t i v i t y and, as a r e s u l t , can 

often be recognized and q u a n t i t a t i v e l y determined by physical 

(e .g . op t i ca l ) or chemical methods. 

In order to l i b e r a t e sugars from glycoprote ins , hydro

lys is by acid is at present almost invar iab ly employed, as 

glycosidic bonds are in general s t a b l e to a l k a l i . Hydrolysis 

by acid poses the most formidable problem encountered in the 

carbohydrate ana lys is of glycoproteins (1) and it may be 

ins t ruc t ive again to compare the s i t u a t i o n with tha t found 

in the amino acid analys is of p ro te ins in general . Apart 

from tryptophan, a l l amino acids commonly found in prote ins 

survive the condit ions of hydro lys i s genera l ly used 
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C6 M h y d r o c h l o r i c ac id at 100-110°C, 24-72 h) e i t h e r com

p l e t e l y or with a l imited and largely predic table amount of 

destruct ion, e.g. in the case of se r ine or threonine. By 

carrying out hydrolysis for varying periods of t ime, adequate 

correction can be made for losses with the two amino acids 

mentioned, and under the d r a s t i c conditions used a l l peptide 

linkages are s p l i t . 

The s i tua t ion is qui te d i f fe ren t in the analys is of 

the carbohydrate residues in glycoproteins, mainly because 

the s t a b i l i t i e s to hot acid of the various types of monosa

ccharides encountered in glycoproteins vary g r e a t l y . The 

hexosamines are the group most r e s i s t a n t to des t ruc t ion by 

acid, but they are less s t ab le than the majority of amino 

acids ; thus 5% of glucosamine or 10-14% of galactosamine is 

destroyed on heating in 4 M HC1 at 100°C for 16 h. This 

destruction is not due to the effect of acid alone since it 

has been shown that if oxygen is excluded, the extent of 

destruction is great ly reduced. At the other extreme are 

the s i a l i c acids which are rapidly destroyed on heat ing with 

d i lu te mineral acid; e .g . 0.01 M HC1 for 30 min at 100°C 

causes 20% destruction of N-acetylneuraminic acid. Non-ni t 

rogenous aldoses, such as mannose and galactose , occupy an 

intermediate posit ion between these two extremes; e .g . 23% 
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of mannose was destroyed on heat ing for 5 h in 2 M HC1 at 

100°C. 

For several reasons these values for the s t a b i l i t i e s 

of pure sugars in hot mineral acid can be taken only as a 

rough guide in assessing the s t a b i l i t i e s to be expected dur

ing hydrolysis of glycoproteins. In the f i r s t p lace , i n t e r 

action occurs under the c a t a l y t i c influence of acid between 

the free sugars and amino acids such as tryptophan, cysteine 

and methionine. Some correction can be made for the d isap

pearance of the sugar by model experiments in which des t ruc

t ion is measured af ter heating su i t ab l e mixtures containing 

the sugar in question and amino acids s imi lar to those p re 

sent in the hydrolysate of the p ro te in under inves t iga t ion . 

Alternat ively, a known amount of i so top i ca l l y labe l led sugar 

is added to the glycoprotein before hydrolys is , the sugar or 

a derivative thereof is i so l a t ed and the amount present in 

the glycoprotein is calculated from the d i lu t ion of the label 

Secondly, the reducing group of a monosaccharide may reac t 

under the ca ta ly t i c influence of acid with the primary or 

even secondary hydroxyl groups of another sugar molecule to 

give d i - or ol igosaccharides, a react ion cal led "acid rever 

s ion" . Such a side react ion being bimolecular can be la rgely 

eliminated by carrying out the hydrolysis at a low carbohyd-
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r a t e concen t ra t ion . 

These a re j u s t a few of the d i f f i c u l t i e s encountered 

when a t tempt ing to re lease sugars from glycoproteins . At 

p re sen t it is impossible to say to what extent these and 

o the r sources of e r ro r affect the ana ly t ica l r e s u l t s . 

MECHANISM OF HYDROLYSIS OF GLYCOSIDES 

In order to be able to choose the most su i t ab l e con

d i t i ons for the hydrolysis of the d i f fe ren t types of glyco-

s i d i c bonds, it is necessary to consider in a more general 

manner the ava i lab le facts and t h e i r i n t e r p r e t a t i o n ( 1 , 2 ) . 

Acid hydrolys is of most glycosides is general ly thought to 

proceed by a unimolecular mechanism and to involve prel im

inary protonat ion of the g lycos id ic oxygen as shown in F ig .6 . 

This p ro tona t ion , leading to the conversion of com

pound I to I I , is followed by a slow breakdown of the conju

gate acid (compound I I ) to the cyc l ic carbonium ion (compound 

I I I ) . The l a t t e r , which is in the ha l f - cha i r conformation 

(because of the p a r t i a l double bond character of the C-1-0 

linkage) is a t tacked rap id ly by water to give the free sugar 

(compound IV). However, even in so lu t ions which are 0.1 M 

in glycoside , i t is found t ha t o the r glycoside molecules may 

compete with the so lvent for the carbonium ion, and form 
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Figure 6 Mechanism of acid hydrolys is of glycosides. The 
glucose i s represented here in i t s s t ab le chair 
(CI) conformation (compounds I, II and IV). The 
carbonium ion in te rmedia te (compound I I I ) is in 
the h a l f - c h a i r conformation. 

small amounts of d i s accha r ides . Such a reac t ion is respons

ib le for the "acid revers ion" I mentioned a l i t t l e e a r l i e r . 

While the overa l l r a t e of hydrolys is wi l l obviously 

depend on several f a c t o r s , such as the character of the 

aglycon (in Fig.6 it is a methyl group), the conformation of 

the molecule and the s i z e of the r i ng , the extent of p ro to-

nation probably plays an important p a r t . In p a r t i c u l a r the 



58 COMPLEX CARBOHYDRATES 

nature of the subs t i tuent on C-2 has been used to expla in 

the differences in r e a c t i v i t y between the pyranosides of 

ordinary aldohexoses and of the 2-deoxyhexoses. 

N-Acylneuraminic acid r e s i d u e s are removed from g l y 

coproteins very read i ly , hydro lys i s with 0.05 M H2SO4. at 80°C 

for 1 h being suf f ic ien t to complete the r eac t ion . There a r e 

several reasons for t h i s . In t h e f i r s t place neuraminic a c i d 

resembles other 2-deoxysugars, t h e glycosides of which have 

been reported to be hydrolyzed between 500 and 1000 t imes 

sore readily than the corresponding der ivat ives of g lucose . 

Secondly, a glycoside of N-acylneuraminic acid is a k e t o s i d e , 

which night be expected to be hydrolyzed more r ap id ly than an 

aldopyranoside. Thus fructopyranosides (also ke tos ides) a r e 

hydrolyzed by acid about 10,000 times f a s t e r than are the 

corresponding aldopyranosides. F i n a l l y N -acetylneuraminic 

acid is highly acidic (pK = 2 . 6 ) and therefore in 0.05 M 

H2S04 about 2% of the acid is i o n i z e d . The un-ionized ca r -

boxyl group may be expected to i n h i b i t protonat ion on the 

glycosidic oxygen in the same way as the carboxyalkyl group 

in glycine ethyl e s t e r reduces t h e ba s i c i t y of the amino 

group as compared with that found in ethylamine. On the 

other hand the ionization of the carboxyl group wi l l l a r g e l y 

abolish th is effect . 
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Since L-fucose, a 6-deoxyhexose, is a c o n s t i t u e n t of 

many g l y c o p r o t e i n s , i t i s w o r t h w h i l e t o n o t e t h a t f u c o s i d e s 

appear t o b e about f i v e t i m e s more r e a d i l y h y d r o l y z e d t h a n 

the c o r r e s p o n d i n g g a l a c t o p y r a n o s i d e s o r t w e n t y - f i v e t imes 

more r e a d i l y t h a n g l u c o p y r a n o s i d e s . Fucose can be e a s i l y 

r e l e a s e d from g l y c o p r o t e i n s u s i n g mild c o n d i t i o n s o f a c i d 

h y d r o l y s i s , s i m i l a r t o t h o s e used f o r t h e r e l e a s e o f s i a l i c 

a c i d . 

THE HYDROLYSIS BY ACID OF GLUCOSAMINIDES 

In 1938, Moggridge and Neuberger s u g g e s t e d t h a t t h e 

g r e a t r e s i s t a n c e o f α - o r β - m e t h y l g l u c o s a m i n i d e t o h y d r o l y s i s 

by a c i d was caused by t h e p r e s e n c e of a p o s i t i v e charge in 

c lose p r o x i m i t y t o t h e g l y c o s i d i c l i n k a g e . I t was a l s o 

proposed t h a t methyl N - a c e t y l g l u c o s a m i n i d e 

could be h y d r o l y z e d by a c i d a l o n g two pathways ( F i g . 7) . 

The r a t e c o n s t a n t s k 1 k 2 and k 3 were a l l a p p r o x i m a t e l y o f 

the same o r d e r o f magnitude b u t t h e r a t e s o f h y d r o l y s i s o f 

a- or 3-methylg lucosaminide ( k 4 ) were a b o u t 250 t imes lower.. 

Almost a l l g l y c o p r o t e i n s c o n t a i n N - a c e t y l h e x o s a m i n e 

r e s i d u e s and i t i s t h e r e f o r e n o t s u r p r i s i n g t h a t s i m i l a r 

problems a r e e n c o u n t e r e d i n t h e h y d r o l y s i s o f a l l n a t u r a l 
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Figure 7 Pathways of acid hydrolysis of the N -ace ty l 
glucosaminyl linkage The example given is 

that of methyl a-N-acetylglucosaminide 
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products containing hexosamine r e s idues . Furthermore, any 

hexose residue to which N-acetylhexosamine is g lycos id ica l ly 

linked might be incompletely l i b e r a t e d if hydrolysis is 

carried out under the condit ions usual ly employed for the 

release of n e u t r a l sugars ( e .g . 1 M H2SO4, 6 h, 100°C). 

Hydrolysis by pathway II w i l l not only be slow, but 

the recovery of glucosamine is l i k e l y to be far from quant

i t a t i v e , since k4 might not be very much g rea t e r than the 

ra te of des t ruc t ion of glucosamine under the vigorous cond

i t ions necessary for i t s complete l i b e r a t i o n . Conditions 

must therefore be chosen in such a way t ha t as large a pro

portion as poss ib le of the glucosamine present should be l i b 

erated by the favourable pathway I. It appears tha t the use 

of high concentrat ions of acid (3 - 4 M) and temperatures of 

about 100°C s a t i s f y the requirements . Concentrations of acid 

higher than 4 M and temperatures above 100°C lead to marked 

destruction of glucosamine and thus the conditions of hydro

lys is recommended (4 M HC1 at 100°C for 3 h) represent a com

promise between the maximal l i b e r a t i o n of glucosamine and i t s 

minimal des t ruc t ion . 

Special problems are a lso encountered in the hydrolysis 

of mucopolysaccharides. Total ac id i c hydrolysis of these com

pounds yie lds a mixture of the cons t i t uen t monosaccharides, 
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although extensive decarboxylation of the uronic acid r e s i 

dues usually r e s u l t s . Recently, the use of new reagents 

(e .g . potassium borohydride) has permitted reduction of car-

boxyl groups (after es te r i f ica t ion) in the mucopolysaccharide, 

and identif icat ion of the uronic acid as the parent hexose 

following acid hydrolysis. The major product of l imi ted hyd

rolysis of mucopolysaccharides is usually the cons t i tuen t 

aldobiuronic acid, i . e . a disaccharide consis t ing of a 

hexosamine (or hexose) and a hexuronic acid. Such a product 

is formed because the carboxyl function of the a l t e r n a t e 

uronic acid residues shields the i r glycosidic oxygen from 

attack by hydrogen ions . 

Once the sugars have been released by the hydro ly t i c 

methods discussed above, they can be iden t i f ied and es t imated 

by a variety of procedures. Ident i f icat ion is done by chro

matography on paper or on thin layers , by e lec t rophores i s on 

paper and, increasingly, by gas l iquid chromatography. The 

l a t t e r method (A5), which is becoming the technique of choice, 

requires the conversion of the monosaccharides or of t h e i r 

reduction products, the a l d i t o l s , into vo l a t i l e d e r i v a t i v e s , 

most commonly e i ther by acetylat ion or by t r i m e t h y l s i l y l a t i o n . 

The above methods can also be used for quan t i t a t i ve 

analysis, with gas l iquid chromatography displacing a l l o the r 



GLYCOPROTEINS II 63 

t e c h n i q u e s . In fac t , using gas l i q u i d chromatography i t is 

now p o s s i b l e to ident i fy and quan t i t a t e , in a s ing le proced

u r e , a l l the monosaccharides present in a glycoprotein. 

S t i l l wide ly employed are enzymic assays, measurement of 

reducing power and color imetr ic techniques (A3,A4,A6). 

Among t h e enzymes used for sugar ana lys i s , the most popular 

ones a r e glucose oxidase (highly specif ic) and galactose 

oxidase ( r eac t s also with galactosamine). Measurements of 

reducing power and color imetr ic react ions for sugars a re , 

u n f o r t u n a t e l y , of low s p e c i f i c i t y . For t h i s reason i t is 

impor tan t to apply them only a f t e r the sugars in glycopro

t e i n hydro lysa t e s have been separated from each other (and 

from t h e amino ac ids ) , preferably by chromatographic means. 

Glucosamine and galactosamine are determined e i t h e r by the 

Elson-Morgan color react ion or on an amino acid analyser . 

Acid hydrolysis in aqueous solut ion may now be r ep la 

ced by methanolysis , which causes less destruct ion of the 

s u g a r s . The r e s u l t a n t methyl glycosides are then converted 

to v o l a t i l e der iva t ives which can be iden t i f i ed and estimated 

q u a n t i t a t i v e l y by gas l i qu id chromatography. 
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CARBOHYDRATE-PEPTIDE LINKAGES 

Although a l l glycoproteins conform to the same general 

s t ruc tu ra l pa t t e rn in t ha t they cons is t of polypeptide chains 

to which carbohydrate moieties are a t tached, they di f fer in 

many of t h e i r p r o p e r t i e s . Thus, the molecular s ize of glyco

proteins ranges from 15,000 to over a mi l l i on . They differ 

not only in the r e l a t i v e proport ion of sugar, and the types 

of the l a t t e r , but a lso in the number of s ide chains present . 

Some glycoproteins are of small molecular s i z e and 

contain only one carbohydrate chain per molecule. Prominent 

examples are ovalbumin, the major p ro te in of hen egg white 

(molecular weight 45,000), and the enzyme r ibonuclease B 

secreted from bovine pancreas of the ox (molecular weight 

14,700). At the o ther extreme we have p ro te ins such as 

sheep submaxillary mucin (molecular weight of about one mil

lion) which contain some 800 saccharide chains in each mole-

65 
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cule . In sheep submaxillary mucin, each s ide chain is com

posed of two sugar res idues , and the protein has qui te a d e n s e 

sugar d i s t r i bu t ion - one disaccharide uni t fo r every s ix to 

seven amino ac ids . It follows from the above t h a t the f r e q u 

ency of occurrence of ol igosaccharides along the po lypep t i de 

chain varies markedly from one protein to another (Table 5) . 

The most c h a r a c t e r i s t i c feature of g lycoprote ins is 

the presence of a covalent linkage between carbohydrate and 

protein (2) . Of the twenty or so amino acids from which p r o 

te ins are made up, only five have been found to p a r t i c i p a t e 

in the formation of linkages with carbohydrates. Three of 

these - L-asparagine, L-serine and L-threonine - are common 

protein cons t i tuents , while the other two - 5 -hydroxy-L- lys inc 

and 4-hydroxy-L-proline - occur only r a r e ly . There is no 

obvious s t ruc tura l s imi l a r i t y between these amino ac ids , a l 

though cer ta in re la t ionsh ips e x i s t between the t r i p l e - b a s e 

codons for some of them. Each codon for L-asparagine (AAU 

and AAC) can give r i s e , by s ing le base s u b s t i t u t i o n s , to 

codons for L-serine (AGU and AGC, r e spec t ive ly ) , L- th reon ine 

(ACU and ACC), and L-lysine (AAA and AAG). There a re no 

codons for hydroxylysine and hydroxyproline, s ince these amino 

acids are formed by hydroxylation of lys ine and p r o l i n e , r e s 

pec t ive ly . This hydroxylation occurs a f te r completion of t h e 
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Table 5 

ro-

e 

Variations in spacing and number of carbohydrate 

u n i t s in glycoproteins 

Glycoprotein 
Number of 
u n i t s p e r 
molecule 

Spacing of 
u n i t s (amino 
ac ids/uni t ) 

1. Serum glycoproteins 
α1-Acid glycoprotein 
Fetuin 
Human haptoglobin 
Human α 2-macroglobulin 
Calf thyroglobulin 
Human t r a n s f e r r i n 
Human IgG 

2. Pancreatic glycoproteins 
Bovine ribonuclease B 

Deoxyribonuclease 

Mucins 

Ovine submaxillary mucin 800 

Porcine submaxillary mucin (A
+
) ^500 

4 
6 

13 
31 
19 

2 
2 

1 
1 

51 
60 

113 
209 
296 
375 
776 

124 
2 70 

4. Col lagens 
Bovine g l o m e r u l a r basement 

membrane 
Rabbit c o r n e a l c o l l a g e n 
Calf s k i n c o l l a g e n 
Rat s k i n c o l l a g e n 
Rabbit s c l e r a l c o l l a g e n 

-
19 

8 
4 
3 

58 
173 
435 
770 

1,000 

a, Modified from Spiro (1) 

polypeptide chains into which l y s i n e and p r o l i n e have been 

incorporated. 

Table 6 l i s t s the amino acids and sugars t h a t p a r t i c 

ipate in the formation of carbohydrate-pept ide l inkages . 

These linkages are of two chemical t y p e s : N-g lycos id ic and 

6 
8 
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Table 6 

Carbohydrate-peptide l inkages in glycoproteins 

Linkage 
S t a b i l i t y 
to a l k a l i Occurrence 

N -Glycosidic 

N-Acetylglucosaminyl-
asparagine 

O-Glycosidic 

N-Acetylgalactosaminyl-
s e r ine or threonine 

Xylosyl-serine 

Galactosyl-ser ine 

Mannosyl-serine 

Mannosyl-threonine 

Galactosyl-hydroxylysine 

L-Arabinosyl-hydroxy-
prol ine 

Many animal and p l an t 
glycoproteins 

Mucins, blood group sub
s t a n c e s , membrane glyco
p r o t e i n s , immunoglobulins, 
f e t u i n , ant i f reeze glyco
p ro te ins 

Mucopolysaccharides (pro
teoglycans) 

Earthworm cu t i c l e collagen, 
p l an t c e l l walls 

Yeast c e l l wall mannans, 
yeast i n v e r t a s e , Aspergillus 
niger glucoamylase 

Earthworm cu t i c l e collagen, 
fungal phytotoxic glycopep-
t i d e s 

Collagens, basement membrane 

Plant c e l l walls and glyco
p r o t e i n s 

O-glycosidic; they d i f f e r markedly in t h e i r chemical properties, 

in p a r t i c u l a r t h e i r s t a b i l i t y to acid and base. 

Glycoproteins may, to a l a r g e ex t en t , be subdivided 

according to the na ture of t h e i r carbohydrate-peptide linkages. 

Such a c l a s s i f i c a t i o n is not r i g i d l y appl icable since the same 
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glycoprotein molecule may contain two d i f fe ren t types of p ro

s t h e t i c groups linked by d i f fe ren t carbohydrate-protein l ink

ages. The occurrence of both N-glycosidie and C-glycosidic 

carbohydrate-peptide linkages in the same molecule has been 

observed in immunoglobulins, f e tu in , human chorionic gonado

t ropin, erythrocyte membrane glycoproteins and the glomerular 

basement membrane. 

In glycoproteins which possess only one type of l inkage, 

there may be a number of saccharide chains which are not nec

essar i ly i d e n t i c a l , and which may di f fer in s ize and s t r u c t u r e . 

For example, calf thyroglobulin with a molecular weight of 

670,000 contains two classes of carbohydrate u n i t s , both of 

which are linked to the pro te in via N-acetylglucosaminyl-asp-

aragine l inkages: (a) five r e l a t i v e l y short chains, with a 

molecular weight of about 2,000 and composed of mannose and 

N-acetylglucosamine only and (b) 14 longer chains, molecular 

weight 3,000, comprised of mannose, N-acetylglucosamine, 

N-acetylgalactosamine, L-fucose and s i a l i c acid . 

THE N-ACETYLGLUCOSAMINYL-ASPARAGINE LINKING GROUP (3) 

The f i r s t carbohydrate-peptide linkage to be iden t i f ied 

was that between N-acetylglucosamine and asparagine (GlcNAc-Asn 

or Asn-GlcNAc) . The bonded sugar and amino acid were i so la ted 
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from ovalbumin in 1963 a f te r a long, sustained e f for t by 

A. Neuberger and R. D. Marshall in London; t h i s l inkage was 

i d e n t i f i e d in the same year by L. W. Cunningham in the U.S., 

by I. Yamashina in Japan and by V. P. Bogdanov in the U.S.S.R. 

Figure 8 Structure of N-acetylglucosaminyl-asparagine 
(2-acetamido-l-(L-3-aspartamido)-1,2-dideoxy-
g-D-glucose). 

In t h i s compound (Fig .8) , the anomeric carbon atom of N-

acetylglucosamine is l inked g lycos id ica l ly by a β-linkage 

to the amide group of asparagine. Al ternat ive ly , the compound 

can be viewed as a condensation product of the β-glycosylamine 

of N-acetylglucosamine (or more accurate ly 2-acetamido-2-deoxy-

β-D-glucopyranosylamine) and the β-carboxyl of a s p a r t i c a c i d . 

One way of forming such a l inkage is by acylat ing the β-amine 

of the sugar with the β-carboxyl of a s p a r t i c acid. In f a c t , 

GlcNAc-Asn was synthesized some ten years ago in a number of 

laborator ies (A1,A2) by condensation of a-benzyl-N-benzyloxy-

carbonyl-aspartate with the 3-amine of 3 ,4,6-tr i-0-acety l-N-
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acetyl glucosamine, followed by removal of the p r o t e c t i n g 

groups (Fig.9) . The syn the t i c product was i d e n t i c a l in a l l 

Figure 9 The synthesis of N -acetylglucosaminyl-asparagine 

respects to GlcNAc-Asn i s o l a t e d from ovalbumin, thus e s t a b 

lishing unequivocally the s t r u c t u r e of the l i nk ing group. 

The N-acylglycosylamine l inkage is r e l a t i v e l y s t a b l e 

to mild acids . In 2 M hydrochlor ic acid at 100°C, GlcNAc-Asn 
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decomposes with a h a l f - l i f e of about 17 minutes, with the re

lease of a s p a r t i c acid and ammonia. The linkage is likewise 

r e l a t i v e l y s t a b l e under mild a lkal ine condit ions, ammonia be

ing released by 0.2 M sodium hydroxide at 100°C, with a half-

l i f e of about 100 minutes. Alkaline cleavage of GlcNAc-Asn 

in the presence of NaBH4 converts the N-acetylglucosamine into 

N -acetylglucosamini to l . When such treatment (1 M NaOH - 1 M 

NaBH4, 4-6 h r s , 100°C) is applied to glycopeptides with 

GlcNAc-Asn l inkages , complete cleavage of the linkages occurs, 

the N-acetylglucosamine involved in the linkage is converted 

in to N-acetylglucosamini tol and the products can be used to 

es tabl i sh the pa t t e rn of subs t i tu t ion of the N -ace ty lg lucos-

amine residue (A3) (see pp.105-106). 

PROTECTION OF SUGARS AGAINST ALKALI BY BOROHYDRIDE 

We have seen here an example of the use of sodium boro-

hydride to cleave a l k a l i - l a b i l e sugar l inkages. The r o l e of 

NaBH4 is to convert the reducing group (aldehyde or hemiacetal 

group) of the sugar re leased by the a l k a l i , in to an alcoholic 

group. This conversion pro tec t s the free sugar from dest ruc

tion by a l k a l i . 

The fact t ha t f ree sugars are s ens i t i ve to a l k a l i has 

been known for many yea r s ; the i n i t i a l s tep of the act ion of 
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di lute a l k a l i , such as lime water , on a reducing monosaccha

r ide (e .g . glucose) is a p a r t i a l transformation to the C-2 

epimeric aldose and the corresponding ketose. In th i s reac

t ion, known since 1895 as the Lobry de Bruyn transformation, 

glucose gives an equil ibrium mixture with fructose and man-

nose, through the pos tu la ted intermediate 1,2-enol. In add

i t i o n , d i lu te a l k a l i may cause degradation of reducing sugars 

resul t ing in the production of such breakdown products as 

glyceraldehyde. Rearrangements wi l l also take place in con

centrated a l k a l i causing the formation of carboxylic der iv

at ives known as sacchar in ic a c i d s . None of these reactions 

wil l occur with polyalcohols , so tha t conversion of the r e 

ducing group of the sugar in to an a lcohol ic function wil l 

s t a b i l i z e the sugar aga ins t degradation by a l k a l i . 

Radioactive t r i t i u m - l a b e l l e d NaBH4 (or KBH4) i s often 

used, which grea t ly f a c i l i t a t e s the de tec t ion , iden t i f i ca t ion 

and quan t i t a t ive determination of minute amounts of the redu

ction products (A4) . Reduction with NaB3H4 (known also as 

NaBT4) is p a r t i c u l a r l y use fu l , s ince t h i s compound can be 

obtained with very high s p e c i f i c r ad ioac t iv i ty - perhaps the 

highest of any compound ava i l ab l e on the market. 

0-GLYCOSIDIC LINKAGES TO SERINE AND THREONINE (3,4) 

The O-glycosidic l inkages to se r ine and to threonine 
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Figure 10 O-glycosidic linkages to ser ine (R=H) or 
threonine (R=CH3). Note that whereas t h e 
l inkage to N-acetylgalactosamine is of the 
a-configurat ion ( I ) , that to xylose i s β 
( I I ) . 

(Fig.10), such as GalNAc-Ser, GalNAc-Thr, or Xyl-Ser, are 

very l a b i l e to a l k a l i , and wi l l be completely cleaved even 

by 0.05-0.1 M sodium hydroxide at room temperature within 

24 hours . 

This type of cleavage is known as the β-el iminat ion 

r e a c t i o n , an a l k a l i cata lyzed bimolecular r e a c t i o n which may 

be represented as fol lows: 

Trans i t ion s t a t e 
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where X is the GalNAc or Xyl group, R is H (for serine) or 

CH3 (for th reon ine) , and R' and R" are o the r amino acids of 

the peptide chain. The group X must be s t rong ly e l ec t ron -

a t t r a c t i n g . I t should be pointed out t h a t in the nota t ion 

generally used to describe t h i s type of r e a c t i o n , the a and 

3 carbon atoms are the reverse of those usua l ly employed in 

amino acid chemistry. 

Such a lka l ine cleavage converts s e r i n e and threonine 

to t he i r unsaturated de r iva t ives 2-aminoacrylic acid (dehyd-

roalanine) and 2-aminocrotonic ac id , r e s p e c t i v e l y . 

ser ine 2-aminoacryl ic acid 

These unsaturated compounds have a c h a r a c t e r i s t i c absorption 

in the u l t r a v i o l e t and t h e i r formation can therefore be 

readi ly detected. The conversion in to 2-aminoacrylic and 

2-aminocrotonic acids reduces the l eve l of the hydroxyamino 

acids in the o r i g i n a l g lycoprote in . Therefore, a reduction 

in the l eve l s of s e r i n e and threonine a f t e r a l k a l i treatment 

of a glycoprotein may be taken as an i nd i ca t i on of the involve

ment of these amino acids in a carbohydrate-prote in l inkage. 
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If alkali t reatment is c a r r i e d out in the presence of boro-

hydride, the unsaturated amino acid der ivat ives are converted 

to alanine of the DL configurat ion and 2-aminobutyric acid 

(also DL), r e s p e c t i v e l y ; the l a t t e r compounds are s t a b l e to 

acid hydrolysis and can be determined by amino acid analys i s . 

Alkali treatment under reducing condit ions converts 

the peptide-linked monosaccharide to the corresponding sugar 

alcohol, and therefore serves to i d e n t i f y the sugar of the 

linkage region. Use of r a d i o a c t i v e NaBH4 may, of course, 

fac i l i ta te the i d e n t i f i c a t i o n of the newly formed amino acids 

and sugar a lcohols . 

The β-el imination r e a c t i o n , and in p a r t i c u l a r the con

version of the s e r i n e and threonine i n t o alanine and 2-amino

butyric acid, r e s p e c t i v e l y , are r a r e l y q u a n t i t a t i v e . I t i s 

important to e s t a b l i s h the proper condit ions for the reac t ion 

with each glycoprotein in order to approach complete re lease 

of the bound carbohydrate, and q u a n t i t a t i v e conversion of the 

β-eliminated amino a c i d s . When the β-el imination r e a c t i o n is 

carried out in the presence of s u l f i t e (A5) , the sugar-l inked 

hydroxyamino acids are converted almost q u a n t i t a t i v e l y i n t o 

cysteic acid or 2-amino-3-sulfonyl b u t y r i c acid, which can be 

separated and determined e i t h e r in the amino acid analyser or 

by gas l iquid chromatography of t h e i r t r i m e t h y l s i l y l deriva

t i v e s . 
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Proteins or pept ides with dehydroalanine may, under 

sui table condi t ions , be cleaved at the peptide bond next to 

the amino group of t h i s amino acid. The product wi l l be a 

pyruvoyl p e p t i d e , from which the pyruvic acid can be re leased, 

ident i f ied and q u a n t i t a t e d by chemical or enzymic techniques. 

Linkage ana lys i s by a l k a l i t reatment is fraught with 

certain p i t f a l l s , s ince a p r e r e q u i s i t e for f a c i l e β-elimina-

tion is the presence of s u b s t i t u e n t s on both the amino 

and carboxyl groups of the hydroxyamino acid (ser ine and 

threonine). This means t h a t the react ion only proceeds smooth

ly if the hydroxyamino acids do not occupy terminal pos i t ion 

in the pept ide. Therefore, f a i l u r e to observe des t ruct ion of 

serine and threonine on a l k a l i - t r e a t m e n t of a glycoprotein 

cannot be taken as d e f i n i t i v e proof of the absence of such 

carbohydrate-peptide l inkages . I t i s advisable to es tab l i sh 

the nature of a carbohydrate-peptide linkage not only by the 

effects of a l k a l i t rea tment , but also by actual i s o l a t i o n and 

character izat ion of a l inkage fragment containing the respec

tive monosaccharide and amino ac id . 

All t h a t I have j u s t s a i d i s , of course, t rue a l so for 

the xylosyl-serine l inkage. And as I to ld you in a previous 

lec ture , the a l k a l i l a b i l i t y of t h i s l inkage was the reason 

why, for a long time, mucopolysaccharides were believed to 
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be " p u r e " p o l y s a c c h a r i d e s , and n o t g lycopro te ins ( o r p r o t e o 

g lycans) . 

THE GALACTOSYL-HYDROXYLYSINE LINKAGE (3) 

Another type of O-glycosidic l inkage found in g l y c o 

p r o t e i n s i s between g a l a c t o s e and 5 -hydroxy-L- lys ine 

(Gal-Hyl) ( F i g . 1 1 ) . 

This l inkage , f i r s t i d e n t i f i e d by W. T. But ler and 

L. W. Cunningham in 1966, is confined almost exclus ively to 

the col lagens, including the basement membrane of bovine 

kidney glomeruli . I t is of the 3-D-configuration and is 

very s t ab le under a lka l ine condi t ions , much more so than 

peptide linkages under the same condit ions. Compounds in 

which galactose or the disacchar ide Glc-(l 2) -Gal are l inked 

to the 5-hydroxyl group of hydroxylysine have been i s o l a t e d 

Figure 11 The O-glycosidic linkage between galactose 
and hydroxylysine 
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in high y ie ld from a l k a l i n e hydrolysates of collagen glyco-

peptides. The condit ions of hydrolysis were r a the r d r a s t i c : 

2 M sodium hydroxide at 90-105°C for 16-20 h r s . The 

galactosyl-hydroxylysine and glucosyl-galactosyl-hydroxylysine 

released can be separated and estimated q u a n t i t a t i v e l y on the 

amino acid analyser; both compounds have f ree amino groups, 

and thus give a pos i t i ve ninhydrin r eac t ion . The ga lac tosy l -

hydroxylysine l inkage is also s t a b l e under ac id ic conditions 

(e.g. 0.05 M su l fu r i c acid at 100°C for 28 h r s ) . This has 

been ascribed to the presence of the pos i t i ve ly charged 

e-amino group, which has the e f fec t of s t a b i l i z i n g the gly-

cosidic linkage to a considerable degree. Indeed, the r a t e 

of release of galactose by acid from Gal-Hyl glycopeptides 

is markedly increased by N - ace ty l a t i on of the e-amino group. 

The synthesis of Gal-Hyl has not been accomplished, the l im

i t i ng factor being the a v a i l a b i l i t y of o p t i c a l l y pure 

5-hydroxy-L-lysine. There seems, however, l i t t l e reason to 

suspect any d i f f i c u l t y in achieving the necessary r eac t i ons . 

THE ARABIN0SYL-HYDR0XYPROLINE LINKAGE (5) 

The l a s t type of l inkage , t h a t between 4-hydroxy-L-

proline and L-arabinose, has been recognized more recen t ly 

(Fig.12). It is also O -g lycos id ic and a l k a l i s t a b l e . To 
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Figure 12 The O-glycosidic l inkage between L-arabinose 
and 4-hydroxy-L-proline. Although the anomeric 
configuration of t h i s l inkage is not known, i t 
is depicted here a r b i t r a r i l y as being of the β 
form. 

date i t has been i d e n t i f i e d only in p lant p r o t e i n s , mainly 

in extensin, a hydroxyprol ine-r ich plant c e l l wall p rote in 

which, upon hydrolys i s , y i e l d s ol igosaccharides of L-arabin

ose l inked to 4-hydroxy-L-proline. In addi t ion, extensin 

contains another type of l i n k a g e , t h a t between galactose and 

s e r i n e . Apparently arabinosyl-hydroxyproline a l s o serves as 

the carbohydrate-peptide l i n k i n g group in the p o t a t o l e c t i n , 

recent ly shown to contain 50% arabinose and 16% hydroxypro-

l i n e (A6). 

UNUSUAL LINKAGES 

In addit ion to the l inkages j u s t discussed, t h e r e a r e 
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reports in the l i t e r a t u r e describing other, novel types of 

carbohydrate-peptide bonds. Some of these, such as the 

O-glycosidic linkage between mannose and ser ine or threonine, 

found in yeast i n v e r t a s e or collagen, respect ive ly, are 

l i s t e d in Table 6. 

The recent f inding of glycopeptides containing th io-

glycosidic l inkages is of some i n t e r e s t , p a r t i c u l a r l y since 

one of the glycopeptides, with a glucose t r i sacchar ide linked 

to cysteine, was i s o l a t e d from erythrocyte membranes. The 

amino acid sequence of t h i s unusual glycopeptide resembled 

that of the other glycopeptide with a thioglycosidic linkage 

which was i s o l a t e d from u r i n e . It was suggested t h a t the 

urinary glycopeptide, which contained a galactose disaccharide, 

originated from the kidney membrane. The thioglycosidic l ink

age between the ol igosaccharides and the SH group of cysteine 

is hydrolyzed in a l k a l i through a β-elimination react ion, 

analogously to the O-glycosidic linkages to ser ine and 

threonine. 

The existence of a novel type of glycosidic bond, 

formed between the phenol ic hydroxyl group of tyrosine and 

the glycosidic hydroxyl of s i a l i c acid, was recently suggested 

(A7). Such a carbohydrate-peptide l inking group was reported 

to be present in hen ovomucoid, although the evidence for t h i s 

s t ructure was not very convincing. 
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GLYCOPEPTIDES - I: ISOLATION AND CHARACTERIZATION 

Our information on the nature and p r o p e r t i e s of c a r b o 

hydrate-peptide linkages is based on two approaches . One of 

these we have seen in the case of the a l k a l i - l a b i l e O -g lycosy l 

serine or threonine l inkages , where most s tud ies have been 

carried out on i n t a c t g lycoprote ins . This approach i s , how

ever, of l imited app l ica t ion . 

The best way to ident i fy a carbohydrate-peptide l i n k a g e 

is by i t s i so l a t i on from a glycoprotein. For t h i s purpose i t 

i s necessary f i r s t to digest the glycoprotein with p r o t e o l y t i c 

enzymes and from the hydrolysate to i s o l a t e glycopeptides in 

which i n t a c t carbohydrate s ide chains are l inked to shor t 

peptide segments, or sometimes to one amino ac id on ly . 

P ro teo ly t i c digest ion is most commonly done with p r o -

nase, but other p ro teases , s ingly or in sequence, a l s o s e r v e 

84 
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th is purpose. The d i g e s t is f rac t ionated by gel f i l t r a t i o n 

on Sephadex ( F i g . 133 or Bio-Gel, which readi ly separates the 

free amino a c i d s and s h o r t pept ides from the oligosaccharide-

peptides (or o l igosacchar ide-amino acid compounds), since the 

l a t t e r are u s u a l l y of a l a rge r molecular s i z e . 

Figure 13 Gel f i l t r a t i o n on Sephadex G-50 of pur i f ied 
soybean agg lu t i n in (A) and of soybean agglut
i n i n a f t e r exhaust ive digestion with pronase 
(B) (from reference Al) . Shaded area repre
s e n t s the glycopeptide f rac t ion . Optical 
d e n s i t y measured at 280 nm. 

I would, however, l i k e to emphasize tha t there is no general 

way for the p u r i f i c a t i o n of such glycopeptides to homogeneity: 

methods such as ion-exchange chromatography and electrophor

esis are be ing used fo r t h i s purpose, but i t i s inherently 

almost imposs ib l e to ob ta in homogeneous glycopeptides. This 

d i f f icu l ty s t e m s , to a la rge ex ten t , from the microhetero-

geneity of t h e carbohydra te s ide chains of glycoproteins, a 
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property which we shall discuss in greater d e t a i l l a t e r on. 

Suffice i t to say, at th is point , tha t while in a p u r i f i e d 

and homogeneous protein a l l molecules are i d e n t i c a l in com

position and sequence, t h i s is not the case for g lycopro te ins . 

The carbohydrate side chains of a s ingle glycoprotein , even 

when carefully isolated and pur i f ied from a gene t i ca l ly pure 

organism, are not ident ical in a l l the molecules of the gly

coprotein. Thus, the s ingle glycopeptide (or asparg iny l -

carbohydrate) of ovalbumin from a s ingle egg of a pure-bred 

hen, is in fact a mixture of compounds which d i f f e r in com

position and s t ructure . 

I t is possible, however, to obtain glycopeptides which, 

to a f i r s t approximation, can be considered as homogeneous. 

If the purif ied glycopeptide contains a s ingle amino ac id -

as we have found in our laboratory with a glycopeptide i s o l 

ated from soybean agglutinin which contained only a s p a r t i c 

acid (Al) - the identi ty of the l inking amino acid is obvious. 

But even when there are two, th ree or four amino a c i d s , it 

may not be too diff icul t to ident i fy the one to which the 

sugar is linked, especially if only one of the amino acids 

has a side chain which can po ten t i a l ly form linkages with 

sugars. Unequivocal ident i f ica t ion of the l inking group may, 

however, require removal of the extra amino ac ids , which is 

not always easy to achieve. 
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Before c o n t i n u i n g , l e t me remind you t h a t many g l y c o 

p r o t e i n s a r e r e s i s t a n t t o p r o t e o l y t i c enzymes. When d e a l i n g 

w i t h such g l y c o p r o t e i n s , i t i s n e c e s s a r y t o modify them s o 

t h a t t h e y become s u s c e p t i b l e t o p r o t e o l y s i s . Thus , p r o t e i n s 

r i c h i n s i a l i c a c i d l o s e t h e i r r e s i s t a n c e t o p r o t e a s e s a f t e r 

r emova l o f t h i s s u g a r , e i t h e r b y enzymic t r e a t m e n t w i t h 

n e u r a m i n i d a s e o r b y mi ld a c i d h y d r o l y s i s . The c a r b o h y d r a t e 

s i d e c h a i n s o b t a i n e d a f t e r such t r e a t m e n t a r e , o f c o u r s e , n o 

l o n g e r i n t a c t , a f a c t to be kep t in mind when s t u d y i n g t h e 

i s o l a t e d g l y c o p e p t i d e s . 

USE OF GLYCOSIDASES 

To f u r t h e r i d e n t i f y the c a r b o h y d r a t e - p e p t i d e l i n k i n g 

g r o u p , t h e i s o l a t e d o l i g o s a c c h a r i d e - a m i n o a c i d compound i s 

d e g r a d e d e i t h e r b y p a r t i a l ac id h y d r o l y s i s o r b y s u i t a b l e 

enzymes . An example of t h e former method i s t h e i s o l a t i o n 

of GlcNAc-Asn from t h e a s p a r a g i n y l c a r b o h y d r a t e of ovalbumin 

(A2) . S i n c e t h e N - g l y c o s i d i c l i n k a g e in t h i s compound i s 

more s t a b l e t o a c i d h y d r o l y s i s t h a n t h e O-glycosidic l i n k a g e s 

b e t w e e n i t s s u g a r r e s i d u e s , c o n t r o l l e d a c i d h y d r o l y s i s c l eaves 

most o f t h e l a t t e r l i n k a g e s w i t h o u t a f f e c t i n g t h e former . 

Enzymic d i g e s t i o n of t h e g l y c o p e p t i d e is a much more 

u s e f u l t e c h n i q u e , s i n c e i t i s a p p l i c a b l e n o t on ly f o r t h e 
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i solat ion of the carbohydrate-peptide linking group, but also 

for elucidating the structure of the intact glycopeptide. 

The enzymes used for this purpose are exoglycosidases that 

remove sugar residues singly from the non-reducing end of 

oligo- or polysaccharides. Unfortunately, the situation 

with respect to the avai labi l i ty of glycosidases has, u n t i l 

very recently, been much less satisfactory than with pro

teases. Enzymes of the l a t t e r class, with a wide range of 

s p e c i f i c i t i e s , are available on the market, and are not 

expensive. In contrast, glycosidases are only now becoming 

commercially available, and they are expensive. The best 

way to obtain purif ied glycosidases is s t i l l to prepare them 

in the laboratory. A point to remember in this connection 

is the great care that should be taken to use purified and 

highly speci f ic glycosidases in s tructural studies of glyco

proteins and glycopeptides. Thus, in studies of the config

uration of mannosidic linkages, it is essential to use 

a-mannosidase preparations that are devoid of 3-mannosidase 

since β-mannosidic linkages are l iab le to be sp l i t by t r a c e 

amounts of the β-specific enzyme. This, in fact, was the 

reason why a l l mannose residues in glycoproteins were, u n t i l 

very recently, believed to be α-linked, which proved to be 

incorrect when highly purified α-mannosidase became available. 
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Table 7 

Glycosidases for the study of the carbohydrate 
side chains of glycoproteins 

A list of some glycosidases used in structural studies of 

glycopeptides is given in Table 7. With such enzymes, singly 

or in mixture, it is possible to peel off the sugars of a 



glycopeptide one af ter the other, and to end up with a com

pound composed of a monosaccharide and a s ingle amino acid -

the carbohydrate-peptide l inking group. This was, in fact , 

what we obtained from the asparaginyl-carbohydrate of soybean 

agglutinin upon incubation of t h i s glycopeptide with a mix

ture of mannosidase and β-N-acetylglucosaminidase from Jack 

bean meal (A3). The f ina l product was i d e n t i f i e d as GlcNAc-

Asn, showing t h a t the l inking group in soybean a g g l u t i n i n , a 

plant glycoprotein, is i d e n t i c a l to t h a t found in many animal 

glycoproteins. 

Most glycosidases, though they readi ly remove sugars 

from short glycopeptides, wi l l not remove sugars from i n t a c t 

glycoproteins. To take soybean agglutinin again as an example: 

t h i s glycoprotein consists of 4 i d e n t i c a l subunits , each with 

a molecular weight of 30,000 and each of which c a r r i e s a 

carbohydrate side chain of the approximate s t r u c t u r e Man5-

GlcNAc-Man4-GlcNAc. No mannose, however, could be re leased 

by i t s prolonged incubation with high concentrations of 

α-mannosidase, although such removal was readi ly achieved 

upon incubation of the pur i f ied glycopeptide with small 

amounts of the enzyme. 

Certain other glycosidases wi l l remove sugar residues 

from glycoproteins without any d i f f i c u l t y . Thus, neuramini-
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dase re leases s i a l i c acid from i n t a c t g lycoproteins and 

β-galactos idase wi l l then remove galactose from these d e s i a l -

ated g lycoprote ins . The l a t t e r enzyme also ac t s on i n t a c t 

g lycoproteins with terminal non-reducing β-galactose r e s i d u e s . 

A new endoglycosidase, which wi l l c e r t a i n l y prove of 

great value in s t u d i e s of g lycoprote ins , has r e c e n t l y been 

i s o l a t e d from c u l t u r e s of Streptomyces griseus (A4). This 

enzyme removes carbohydrate s ide chains composed of N - a c e t y l -

glucosamine and mannose not only from glycopeptides but also 

from i n t a c t g lycoprote ins , such as ovalbumin or r ibonuclease 

B. The enzyme a c t s by cleaving the bond between the GlcNAc-

Asn and the r e s t of the carbohydrate s ide chain. 

CHEMICAL TECHNIQUES: METHYLATION AND SMITH DEGRADATION 

In addi t ion to enzymes, chemical techniques are a lso 

extensively used for s t r u c t u r a l s t u d i e s of the carbohydrate 

u n i t s of g lycoprote ins . One of the most widely used approa

ches has been permethylation of f ree hydroxyl groups, f o l l 

owed by acid cleavage, and i d e n t i f i c a t i o n of the p a r t i a l l y 

methylated monosaccharide u n i t s . An important advance in 

t h i s methodology was the in t roduct ion in 1964 of a procedure 

by S. I. Hakomori, then at Sendai Univers i ty , Japan, t h a t 

u t i l i z e s methyl iodide and dimethylsufinyl carbanion, the 
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l a t t e r being a more powerful nucleophi le than the bases 

previously used in methylation. This reagent leads to rapid 

and complete methylation of a l l f ree hydroxyl groups as well 

as N-methylation of the acetamido group in hexosamine r e s i 

dues, without loss of N-acetyl groups. Techniques have been 

elaborated by B. Lindberg and h i s associa tes in Stockholm 

for the hydrolysis of such permethylated de r iva t ives , con

version of the subs t i t u t ed monosaccharides in to p a r t i a l l y 

methylated a ld i to l a c e t a t e s , and i d e n t i f i c a t i o n of the l a t t e r 

through gas l iqu id chromatography or gas l iqu id chromatography 

and mass spectrometry (1) . Methylation is usual ly done on 

i so la ted glycopeptides and only r a re ly on i n t a c t glycoproteins. 

Another very useful approach is per iodate oxidation, in 

p a r t i c u l a r in i t s modified form known as the Smith degradation. 

This method, developed in the 1950's by F. Smith at the Univ

e r s i t y of Minnesota (2 ) , involves per ioda te oxidation, reduc

tion with borohydride and mild acid hydrolysis of the poly-

alcohol formed. Quanti ta t ion of the per iodate uptake and of 

the formic acid re leased, together with de ta i l ed analysis of 

the degradation products , gives information on sequences of 

sugar residues in the o r i g i n a l sacchar ide . 

The p r inc ip l e of the method wil l become c learer a f te r 

we review b r i e f l y some features of the per iodate oxidation 
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react ion. Oxidation of a simple glycoside such as methyl 

α-D-glucopyranoside with p e r i o d i c acid o r i t s s a l t s ( e . g . 

sodium periodate) y ie lds a dialdehyde and formic acid (one 

mole per mole of g lycos ide) . In the p r o c e s s , two molecules 

of periodate are used up. 

The same r e s u l t w i l l be obtained if the glycoside is 

subst i tuted at the 6 p o s i t i o n . I f the s u b s t i t u t i o n i s a t 

the 2- or 4-hydroxyl, only one mole of p e r i o d a t e w i l l be 

consumed per mole of glycoside, a dialdehyde w i l l be formed, 

but no formic acid w i l l be produced. 
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Sugars which are e i ther 3-0-substituted, or 2 ,4-0-

disubst i tuted, so that they do not contain free v i c i n a l 

hydroxyls, are r e s i s t an t to periodate oxidation. 

The dialdehydes obtained by periodate oxidation readi-

ly form cyclic products of different s t r uc tu r e , as shown in 

the example given below: 

These cycl ic acetals are r e l a t i ve ly acid s t a b l e , and i t is 

d i f f icul t to establ ish t h e i r s t ruc ture . In the p a s t , the 

dialdehydes were oxidized by bromine to the corresponding 

dibasic acids and these acids have been used to i den t i f y the 

s t ructure of the glycosides. It was, however, recognized 

that if the aldehyde groups are reduced to the corresponding 

alcohols, the products obtained being t rue ace ta ls are sen-

s i t i ve to acid (Fig.14). In fac t , the ra te of hydrolysis is 

so fast (up to 105 times fas te r than tha t of methyl a-gluco-

s ide ) , that i t i s possible to achieve v i r t u a l l y complete 

hydrolysis of these aceta ls under conditions when glycopyran-
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os id ic l inkages are a f fected i n s i g n i f i c a n t l y , i f a t a l l . 

Figure 14 Products of ac id hydrolys i s of the alcohols 
obtained upon p e r i o d a t e oxidat ion and sodium 
borohydride reduct ion of methyl α-D-glucopyr-
anoside (I) and of methyl 4-0-methyl-α-D-
glucopyranoside CH) • The carbons are numb-
ered for c l a r i t y . 

C h a r a c t e r i z a t i o n of the hydrolys i s products provides 

important information on the n a t u r e of the sugar residue 

which has been degraded ( F i g . 1 4 ) . Thus, Smith degradation 

of methyl α-glucopyranoside gives g lycerol from C6-C5-C4, 

glycolaldehyde from C1-C2 and methanol from the aglycon, in 

addit ion to formic ac id from C-3; methyl 4-0-methyl-α-glu-

copyranoside affords i n s t e a d of g lycerol 2-0-methyl-erythri tol 

and no formic a c i d . 
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When the Smith degradation is applied to polysaccha-

r ides , a mixture of products is obtained, which may inc lude 

alcohols (glycerol, e r y t h r i t o l ) , aldehydes, and glycosides 

of mono-, d i- or higher ol igosaccharides, the l a t t e r o r i g i n -

ating from sugar residues which are r e s i s t a n t to ox idat ion. 

Detailed analysis of the products throws l i g h t on the f ine 

structure of the parent polysaccharides. 

As an example, l e t us see what wil l happen when we 

degrade the polysaccharide nigeran by the Smith technique. 

Figure 15 Smith degradation of nigeran. The bonds 
cleaved by periodate are marked by arrows. 

Nigeran is a glucan in which the glucose u n i t s are jo ined 

by a l ternat ing α-( l 3J and α - ( l 4) l inkages. Upon p e r i o d a t e 
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t reatment, the 3-0-linked glucose res idues wi l l remain i n t a c t , 

while the 4-0-l inked ones wi l l be oxidized (Fig .15) . Reduction 

of the oxidized polysacchar ide, followed by mild acid hydro-

l y s i s , y ie lds glycolaldehyde and 2-0-α-glucopyranosyl-erythri-

t o l . These compounds can be r e a d i l y i d e n t i f i e d , the l a t t e r 

one by hydrolys is with s t ronger acid to glucose and e r y t h r i t o l . 

As another example, l e t us examine the products of the 

Smith degradation of a hypothet ica l o l igosacchar ide containing 

an amino sugar ( F i g . 1 6 ) . In t h i s oxidat ion, 3 moles of per-

Figure 16 Products of Smith degradation of Glc-3-(l 6)-
GlcNAc-α-(l 3)-Glc-B-(l 4)-Gal. The bonds 
cleaved by per iodate are marked by arrows. 
The products obtained are e r y t h r i t o l subs t i-
t u t e d in p o s i t i o n 2 (I), glycolaldehyde (II) , 
g lycerol ( I I I ) , 2-acetamido-3-hydroxypropanol 
(IV) and B-glycosyl threi tol (V). 
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i o d a t e w i l l be consumed. One of the compounds p r o d u c e d in 

the example g iven , 2-acetamido-3-hydroxypropanol ( F i g . 16 , 

compound IV) was i s o l a t e d as a product of t h e Smith deg rada -

t i o n o f t h e ovalbumin g lycopept ides (see p . 1 0 6 ) . 
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GLYCOPEPTIDES - I I : STRUCTURAL FEATURES 

MICROHETEROGENEITY 

The ea r ly preparat ions of the glycopeptide from 

ovalbumin contained five moles of mannose and three of 

N - a c e t y l glucosamine per mole of a s p a r t i c ac id . No other 

amino acids were present in the bes t p repara t ions of t h i s 

g lycopept ide , which is therefore more co r r ec t l y r e fe r red 

to as "asparaginyl-carbohydrate" . Such prepara t ions were, 

however, shown to be heterogeneous by L. W. Cunningham and 

h i s coworkers in 1965 (1) . Subsequently, the asparaginyl -

carbohydrate was separated in to five f rac t ions (A to E in 

F i g . 1 7 ) , in which the r a t i o of mannose to N-ace ty lg lucosa-

mine va r i ed from 7:5 to 5:2 (Al) . A more recen t study (2) 

gave somewhat d i f fe ren t r e s u l t s (Table 8 ) . Heterogeneity 

of the type described is known as "microheterogeneity" ( 1 , 2 ) . 
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Figure 17 Fractionation of the asp araginyl-carbohydrate 
from two sources of chicken ovalbumin on a 
column of AG-50W x 2 re s in , 0.9 x 150 cm. 
Elution was accomplished with sodium ace t a t e 
buffer, pH 2 .6 . Absorbance at 490 nm is a 
measure of the content mannose, as est imated 
with the phenol-sulfur ic acid method.(From 
reference Al). Fractions C and D have r ec -
ently been fur ther separated, in to two f rac -
tions each (R. Montgomery, p r iva te communic-
a t ion ) . 

1 0 0 COMPLEX CARBOHYDRATES 

Because of microheterogeneity, i t is impossible to 

write a single chemical s t ruc tu re for the carbohydrate moiety 

of ovalbumin; it is bes t described by the following formula: 
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Moles per mole of a s p a r t i c acid . 

Based on a s p a r t i c acid content . 

A s t r u c t u r e which is c lose ly r e l a t e d to ovalbumin is 

found in bovine r ibonuclease B. The e n t i r e amino acid sequ-

ence and conformation of t h i s p ro te in are known, and it was 

shown by T. H. Plummer and C. H. W. Hirs in 1964 tha t a l l of 

the carbohydrate is a t tached in a s i ng l e p r o s t h e t i c group to 

asparagine 34. Although microheterogenei ty has apparently 

not been demonstrated on a s i ng l e p r epa ra t i on , ribonuclease 

B i s o l a t e d in d i f f e r e n t l a b o r a t o r i e s by d i f f e r e n t procedures 

has been repor ted to have va r i ab le r a t i o s of mannose to 

N-acetylglucosamine. The probable s t r u c t u r e of the aspara-

ginyl-carbohydrate from r ibonuclease B is given below, where 

Table 8 

Composition of the asparaginyl-carbohydrate 

from chicken ovalbumin (2) 
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Microheterogeneity has been observed in carbohydrate 

side chains of other glycoproteins as well . As a r e s u l t , it 

is often very di f f icul t to establ ish the s t r u c t u r e of the 

carbohydrate moieties of glycoproteins and it is not surpr is -

ing that cases are known where two inves t i ga to r s , studying 

apparently the same compound, proposed d i f fe ren t s t ruc tu res 

for i t . It should also be appreciated that we do not have 

sensit ive c r i t e r i a for assessing the degree of homogeneity 

of glycopeptide preparations at present . It appears tha t 

chromatography on Dowex 50 at very low ionic s t reng th is the 

most efficient method developed so far for the separat ion 

of closely related asparaginyl-carbohydrates and for estab-

lishing their homogeneity. 

The microheterogeneity of the carbohydrate s ide chains 

of glycoproteins might a r i se e i ther by an unfinished biosyn-

thet ic sequence (which we sha l l discuss in de t a i l l a t e r on) 

or by a post-biosynthetic degradation of completed carbohyd-

rate chains. At present , no d i s t inc t ion between these two 

al ternat ives , biosynthetic microheterogeneity and degradat-
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ive microheterogeneity, can be made. 

Homogeneity i s , of course, a ru le for p r o t e i n s , where 

microheterogeneity seems to be r a r e l y encountered. It is 

common, however, n o t only in the carbohydrate chains of 

g lycoprote ins , but in polysaccharides in genera l , both simple 

and complex. 

COMMON STRUCTURAL FEATURES 

Relat ive ly simple carbohydrate chains of the type 

found in ovalbumin and bovine r ibonuclease B, which are 

composed s o l e l y of mannose and N-acetylglucosamine and are 

l inked to the p r o t e i n v i a asparagine, are found in a number 

of other g lycoprote ins , for example in bovine deoxyribonuc-

lease A, in α-amylase from Aspergillus ovysae and soybean 

a g g l u t i n i n . Another c lose ly r e l a t e d c l a s s of glycopeptides 

contains the same two sugars and the same type of l inkage, 

together with g a l a c t o s e , N-acety lga lac tosamine, L-fucose and 

s i a l i c ac id . In such complex sacchar ide cha ins , found for 

example in f e t u i n , in thyrog lobul in, and in a^-acid glyco-

p r o t e i n , the mannose and glucosamine are arranged n e a r the 

p r o t e i n in a s o - c a l l e d core, whereas the o t h e r sugars , toge-

t h e r with a d d i t i o n a l res idues of N-acetylglucosamine, are 

found in a branched o u t e r region ( F i g . 1 8 ) . 
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Figure 18 Structures proposed for the asparagine-l inked and 
ser ine ( threonine)- l inked carbohydrate u n i t s of 
fetuin. (The l a t t e r also occur in the form of a 
t r i sacchar ide without N-acetylneuraminic acid 
(NANA) linked to N-acetylgalactosamine) . (A2,A3) . 

The s i a l i c acid and L-fucose are always p e r i p h e r a l l y located, 

and t h e i r reducing group is engaged in a g lycos id ic bond with 

the penultimate sugar, which is always ga lactose . A common 

s t r u c t u r e found in t h i s outer region is the t r i s a c c h a r i d e 

Figure 19 Structure of the terminal nonreducing t r i s a c c h -
aride NANA-α-(2+3)-Gal-β-(l+4)-GlcNAc found in 
the outer region of several animal g lycoproteins 

A common sequence also appears to exis t in the core 

region of the carbohydrate s ide chains of g lycoproteins of 
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widely d i f fe rent or ig ins (A4,A5). This conclusion is based 

on s tudies with asparagine ol igosaccharides i so la ted from 

ovalbumin, α-amylase from A. oryzae and pineapple bromelain. 

Treatment of these glycopeptides with a-mannosidase to remove 

p e r i p h e r a l l y located mannose res idues , yielded from al l three 

glycoproteins the same compound, containing asparagine, 

N-acetylglucosamine and mannose in molar r a t i o s 1:2:1. The 

res idual mannose u n i t , which was not re leased by the a-mann

osidase, was removed by a β-mannosidase. An exo-β-N-acetyl-

glucosaminidase from Jack bean could then remove one of the 

hexosamine u n i t s . The B configuration of the glycosidic 

linkage between the two N-acetylglucosamine residues was 

confirmed by nuclear magnetic resonance measurements and the 

(l->4) p o s i t i o n of the linkage was es tabl i shed by the Smith 

degradation method. For t h i s purpose, the i n t a c t (enzymic-

a l l y undegraded) asparaginyl-oligosaccharides from the 

d i f ferent glycoproteins were t r e a t e d with NaOH-NaBH4. As 

mentioned in a previous l e c t u r e (p.72), t h i s resulted in 

complete cleavage of the glucosamine-asparagine linkage, 

with concomitant production of terminal glucosaminitol. 

Periodate oxidat ion, NaBH4 reduction and hydrolysis in strong 

acid of the fragments thus produced, a l l yielded xylosamini-

t o l . 
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Reference glucosaminitol compounds bearing s u b s t i t -

uents at positions 4 or 3 produced xylosaminitol and t h r e i -

t o l , respectively. Final proof for the s t r u c t u r e of the 

product i solated, a f ter complete removal of mannose from the 

glycopeptides, was obtained when it was shown to be i d e n t i c a l 

with the chemically synthesized GlcNAc-β-(l->4) -GlcNAc-β-

(1-> ) -Asn (A6). 

With the aid of the Smith degradation method and 

methylation s tudies , the penultimate glucosamine was found 

to be subst i tuted by mannose at the 4 p o s i t i o n . On the 

basis of these re su l t s it was proposed t h a t the inner core 

region of the glycoproteins examined has the s t r u c t u r e given 

in Fig.20. 

The same sequence was found in the core region of 

ribonuclease B and of thyroglobulin (A7) . An N-acety lg luco-
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Figure 20 S t ruc tu re of the inner core region of severa l 
glycoproteins 

samine disacchar ide jo ined to an amide n i t rogen of aspara-

gine probably a l so occurs as p a r t of the complex h e t e r o -

saccharides p resen t in f e tu in , immunoglobulin A and immuno

globulin G. This s t r u c t u r e seems, t he r e fo r e , to be a r a t h e r 

common feature of many g lycopro te ins . 

In some g lycopro te ins , however, only one N-ace ty lg lu -

cosamine residue (and not two, as shown in Fig.20) is present 

in the l ink ing reg ion . This appears to be the case for the 

glycopeptides from soybean agg lu t in in and t r a n s f e r r i n . 

The examples I have given you serve to demonstrate 

tha t there a re c e r t a i n general r u l e s for sugar assembly in 

glycoprote ins . Therefore, the s t r u c t u r a l v a r i a t i o n of t h e i r 

carbohydrate u n i t s is l imi ted and is much smal ler than could 

be expected on t h e o r e t i c a l grounds (see Lecture 1, pp .7 -9 ) . 
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THE ASN-X-SER(THR) SEQUENCE 

Examination of a large number of glycopeptides with 

the GlcNAc-Asn l inking group where addi t ional amino acids 

were present , revealed a common sequence next to the aspara-

gine. This sequence is e i t h e r Asn-X-Ser or Asn-X-Thr, with 

the carbohydrate linked to the asparagine (Table 9 ) . I t 

should be emphasized, however, t h a t not a l l such sequences 

in proteins carry a carbohydrate s ide chain on the aspara

gine residue. In other words, a p ro te in which possesses the 

requis i te s t ruc tu ra l features for glycosylation may never

theless not undergo th i s type of r e a c t i o n . In fac t , the 

sequence Asn-X-Thr (or Ser) occurs commonly also in p ro te ins 

which lack sugar. Thus, bovine ribonuclease A and B possess 

an ident ica l amino acid sequence which contains 11 Asn r e s 

idues and the t r i pep t i de , Asn(34) -Leu-Thr, but only in 

ribonuclease B is a carbohydrate chain attached to Asn 34. 

R. D. Marshall and A. Neuberger suggested in 1968 

that in the sequence Asn-X-Ser (or Thr) , a hydrogen bond is 

formed between the carbonyl of the s ide chain of asparagine 

and the hydroxyl group of the hydroxyamino acid (Fig.21) . 

This type of hydrogen bonding might be expected to reduce 

the ac id dissociat ion constant of the amide group of the 

asparagine residues and thereby f a c i l i t a t e replacement of 
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Table 9 

Amino acid sequences around asparagine- l inked 

carbohydrate chains of several glycoproteins 

Simple carbohydrate chains 

Avidin (hen) 

IgM immunoglobulin, human 

Ovalbumin 

Ribonuclease B (bovine) 

Ribonuclease (porcine) 

Thyroglobulin (human) 

Complex carbohydrate chains 

a1-Acid glycoprotein 

IgM immunoglobulin, human 

Ribonuclease (porcine) 

Leu-Gly-Ser-Asn-Met-Thr-Ile 

Leu-Tyr-Asn-Val-Ser-Leu 

Glu-Lys-Tyr-Asn-Leu-Thr-Ser 

Lys-Se r-Arg-Asn-Leu-Thr-Lys 

Ser-Arg-Arg-Asn-Met-Thr-G1n 

Ala-Leu-Glu-Asn-Ala-Thr-Arg 

Pro-Ile-Thr-Asn-Ala-Thr-Leu 

Glu-Glu-Tyr-Asn-Lys-Ser-Val 

Phe-Thr-Pro-Asn-Lys-Thr-Glu 

Cys-Ile-Tyr-Asn-Thr-Thr-Tyr 

Gln-Arg-Glu-Asn-Gly-Thr-Ile 

Phe-Gln-Glx-Asn-Ala-Ser-Ser 

Ser-Ser-Ser-Asn-Ser-Ser-Asn 

Modified from R. G. Spiro (A2). The Asn res idue to 
which the carbohydrate is at tached is under l ined. 
Simple carbohydrate un i t s consis t only of mannose 
and N-acetylglucosamine r e s i d u e s , while complex uni t s 
contain in addi t ion ga lac tose , s i a l i c ac id , and some
times also fucose and N-acetylgalac tosamine. 

one of the amide hydrogens by sugar (3 ) . 

Because an asparagine residue des t ined to undergo 

glycosylat ion occurs in only a r e l a t i v e l y l imi ted number of 

amino acid sequences, e . g . one out of 11 in r ibonuclease B, 
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Figure 21 Schematic model of the Asn-X-Ser sequence found 
in glycoproteins containing the GlcNAc-Asn 
linkage. Note the hydrogen bond between the 
hydroxyl of ser ine and the 3-carbonyl of asp
aragine. For a f igure of the space f i l l i n g 
model of the same sequence, see p.678 in Ref .3 . 

formation of linkages of t h i s type is c l ea r ly under d i r e c t , 

as well as i n d i r e c t , control of the genome. This circum

stance is not unique: conversion of prol ine to hydroxyproline 

by collagen prol ine hydroxylase requires tha t the amino acids 

occur in the sequence . . . . Y-Pro-Gly.. . ., where Y may be any 

of a number of amino acids apart from glycine. S imi lar ly , 

the a b i l i t y of hydroxymethylcytosine in the DNA of E. coli 

T 2 bacteriophage to accept glucosyl groups (see p.20) is 

markedly affected by the nature of the neighbouring nucleotides 

As we have jus t seen, glycosylat ion of the asparagine 

requires the presence of an hydroxyamino acid, ser ine or 

threonine, which in the biosynthesis of the polypeptide chain 

is inser ted two polymerization s teps l a t e r than the asparagine. 
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Attachment of t h e N-acetylglucosamine res idue to asparagine 

cannot, t h e r e f o r e , proceed simultaneously with the i n s e r t i o n 

of t h i s amino acid i n t o the growing polypeptide chain. 

MUCINS 

In mucins, such as ovine or bovine submaxillary gly

coproteins (OSM or BSM, r e s p e c t i v e l y ) , the following unit 

occurs severa l hundred times in each molecule: 

NANA-α-(2->6)-GalNAc-α-(l-> )-Ser (or Thr) 

Treatment of p u r i f i e d OSM under mild condi t ions (e.g. 1 hr 

at 80°C with 0.01 M mineral a c i d ) , l i b e r a t e s s i a l i c acid 

q u a n t i t a t i v e l y . The s i a l i c ac id accounts for 25% of the 

weight of the g lycoprote in . 

The s i a l i c acid can also be enzymically cleaved 

from the g lycoprotein by act ion of neuraminidase from Vibrio 

dholevae or Clostridium perfringens. The p r i n c i p a l s t ructure 

of the macromolecule appears to be u n a l t e r e d by the removal 

of the s i a l i c acid r e s i d u e s , the new terminal u n i t s being 

N-acety lgalactosamine. These in turn are suscept ib le to the 

act ion of a-N-acetyl hexosaminidase. 

The i n t a c t d i sacchar ide , NANA-α-(2->6) -GalNAc has been 

obtained in 40% y i e l d by b r i e f t reatment of unmodified OSM 

with hot barium hydroxide. Under these c o n d i t i o n s , the 
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disaccharide is released by the 3 el imination r e a c t i o n , 

which we discussed at length e a r l i e r (pp.74-78). 

ANTIFREEZE GLYCOPROTEINS 

A disaccharide s ide chain somewhat s i m i l a r to t h a t 

present in the submaxillary mucins is found in the a n t i f r e e z e 

glycoproteins. I t s s t r u c t u r e i s Gal-3-(l->3)-GalNAc-α-(l-> ) -

Thr (Fig .4 , p .39) . The assignment is based, among o t h e r s , 

on the use of galactose oxidase, which oxidizes the C-6 

hydroxyl in galactose and N-acetylgalactosamine not only 

in t h e i r free form, but a l so when the monosaccharides are 

g lycosidical ly l inked (Fig .22) . 

Figure 22 Oxidation of the primary hydroxyl groups in 
the disaccharide units of ant i f reeze glyco
protein by galactose oxidase (A8). 

I n t e r e s t i n g l y , t h i s enzymic oxidation did not 

impair the antifreeze p r o p e r t i e s of the g lycoprote in. The 

a c t i v i t y was los t by the conversion of the newly formed 
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C-6 aldehydes to nega t ive ly charged groups e i t h e r by oxida

t ion to carboxyl groups with halogen or by formation of the 

b i s u l f i t e addi t ion products (A8) . 

COLLAGEN AND BASEMENT MEMBRANE 

Collagen and the basement membranes contain a d i sacc-

ar ide (Fig.23) O-glycosidical ly l inked to the 5-hydroxyl group 

of several hydroxylysine residues in the polypeptide chain. 

Figure 23 S t ruc ture of the hydroxylysine-l inked disaccharide 
uni t (Glc-a-(l->-2)-Gal) of the collagens and base
ment membranes. 

Studies of the chemical s t r u c t u r e of the glomerular 

basement membrane are of p a r t i c u l a r i n t e r e s t , s ince patholog

i ca l changes have been observed in the renal glomerulus in 

diseases such as diabetes (4) . The membrane is made of g ly

coprotein mater ia l with a composition t h a t indica tes t h a t i t 

belongs to the collagen family. Thus, i t is r ich in g lyc ine , 
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hydroxyproline and hydxoxylysine. However, important com

pos i t iona l differences between basement membranes and f ib

r i l l a r collagens have been noted, p a r t i c u l a r l y in t h e i r 

carbohydrate, half cysteine and hydroxylysine content. 

Approximately 10% of the membrane consis ts of sugar residues 

as compared to les s than 1% in most vertebrate f i b r i l l a r 

collagens. Although glucose and galactose are the major 

saccharide components in both membrane and collagen, only 

the basement membrane contains appreciable amounts of mann-

ose, hexosamines, s i a l i c acid and fucose. 

The basement membrane is readi ly digested and almost 

completely so lubi l ized by treatment with b a c t e r i a l collagen-

ase to y ie ld i t s carbohydrate in the form of two d i s t i n c t 

types of glycopeptides. These could be further degraded 

with pronase to give low molecular weight peptides in which 

the disaccharide Glc-α-(1->2)-Gal is attached by a -glyco-

s i d i c linkage to the hydroxyl group of hydroxylysine and 

l a r g e r glycopeptides in which branched heteropolysaccharide 

u n i t s made up of s i a l i c acid, fucose, galactose, glucosamine 

and mannose are l inked to asparagine res idues. The carbo

hydrate of the glomerular basement membrane is about equal ly 

d i s t r i b u t e d by weight between these two types of u n i t s , and 

there are 10 disaccharides for every heteropolysaccharide. 
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The h y d r o x y l y s i n e - l i n k e d c a r b o h y d r a t e u n i t has been found in 

o t h e r basement membranes and in a l a r g e number of co l l agens 

from v e r t e b r a t e and i n v e r t e b r a t e s o u r c e s . In basement mem

branes such u n i t s a r e p r e s e n t i n l a r g e r numbers than i n 

f i b r i l l a r c o l l a g e n s . The d e n s i t y o f t h e d i s a c c h a r i d e u n i t s 

on the p e p t i d e cha in appears to be i n v e r s e l y r e l a t e d to the 

morphologic o r g a n i z a t i o n of t h e c o l l a g e n as seen under the 

e l e c t r o n m i c r o s c o p e . The numerous , bu lky p o l y s a c c h a r i d e u n i t s 

of the basement membrane may i n t e r f e r e w i t h the packing of 

the p e p t i d e c h a i n s n e c e s s a r y f o r f i b r i l f o rma t ion . I n f i b 

r i l l a r c o l l a g e n s , " h o l e " r e g i o n s a p p a r e n t l y e x i s t t o accom-

madate t h e s m a l l e r number o f c a r b o h y d r a t e u n i t s . 

Basement membranes i s o l a t e d from human d i a b e t i c glom

e r u l i were found to have a compos i t ion d i s t i n c t l y d i f f e r e n t 

from t h a t of basement membranes from h e a l t h y s u b j e c t s . In 

p a r t i c u l a r t h e d i a b e t i c membranes showed a marked i n c r e a s e 

i n t h e number o f g l u c o s y l - g a l a c t o s e d i s a c c h a r i d e u n i t s ( 4 ) . 
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The biosynthesis of conjugated macromolecules such as 

glycoproteins ra i ses some problems which are not encountered 

in s tudies of simple p ro te ins or simple po lysacchar ides . 

One of the main problems concerns the order in which the 

prote in and the carbohydrate moieties are synthes ized . In 

common with s tudies of other b io log ica l subs tances , t h e r e is 

also the question of c e l l u l a r locat ion and molecular mechan

isms involved. Considerable information is accumulating 

about the i n t r a c e l l u l a r s i t e s of glycoprotein b i o s y n t h e s i s 

and about the sequence of events in the enzymic assembly 

processes (1 ,2 ) . L i t t l e is known, however, about the t e r 

t i a r y s t ruc tu r e , folding and conformation of g lycopro te ins 

in d i f ferent environments. 

7 
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STUDIES WITH INTACT CELLS 

We s h a l l f i r s t consider where the b iosynthes is of 

glycoproteins occurs in the c e l l . Much of our knowledge 

on t h i s quest ion is based on s tud ies with i n t a c t animals or 

on data obtained with organ perfusion techniques or t i s sue 

s l i c e s . Such s tud ies usual ly involve exposure of the t i s s u e 

to a l abe l l ed monosaccharide precursor (most commonly gluco

samine, ga lac tose , mannose or L-fucose) in the absence or 

presence of i n h i b i t o r s of p ro te in syn thes i s , followed by 

examination of incorporat ion of the l abe l in to protein-bound 

carbohydrate. To obtain information on the r e l a t i onsh ip 

between the synthes is of the carbohydrate s ide chains and 

tha t of the polypeptide backbone, p a r a l l e l experiments with 

l abe l led amino acids - most commonly with leucine - have 

been c a r r i e d out . Incorporation of the l abe l has been 

followed by two methods: (a) e lec t ron microscope radioauto¬ 

graphy, and (b) measurement of protein-bound r ad ioac t i v i t y 

in subce l lu l a r f rac t ions i so l a t ed by cent r i fugat ion of t i s s u e 

homogenates. 

The r e s u l t s obtained ind ica te t ha t (a) the peptide 

backbone of glycoproteins is assembled on membrane bound 

ribosomes and (b) tha t most of the carbohydrate is incorpor

ated in to glycoproteins following r e l ease of the peptide 
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backbone from the ribosomes. There is thus a c lea r separa

t ion in time and space between the biosynthesis of the poly

peptide backbone of glycoproteins and the biosynthesis of 

the i r carbohydrate s ide chains. 

A cent ra l role in the b iosynthes is of the carbohydrate 

side chains of glycoproteins is performed by a subce l lu la r 

organel le , the Golgi apparatus, or Golgi body (3 ,4 ) . This 

s t ruc tu re cons is t s of a group of membranous sacs , or a 

complex of interconnecting membranes. It was o r i g i n a l l y 

observed in 1898 by the I t a l i a n cy to logis t C. Golgi, who, 

by means of a special s i l v e r s t a in he had developed, showed 

that there is a r e t i c u l a r s t ruc tu re in the cytoplasm of 

cer ta in nerve c e l l s . The Golgi apparatus is now known to 

be present in a l l animal c e l l s , and to serve as the primary 

s i t e for the synthesis of la rge carbohydrates and for the 

packaging of i n t r a c e l l u l a r l y produced macromolecules. It 

thus functions in the biosynthesis of soluble g lycopro te ins , 

as well as in the formation of membranes, including those of 

storage and secretory ves i c l e s . 

The time course of incorporat ion of l abe l led monosac

charide precursors in to the glycoproteins of subce l lu la r 

organelles follows three general pa t t e rns (Table 10) . 

(a) Incorporation of radioact ive mannose in to pro te in appears 
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to paral lel the pattern of incorporation of radioactive 

amino acids: there is rapid incorporation into rough-surfaced 

endoplasmic reticulum, followed by transfer to smooth surfac

ed endoplasmic reticulum and Golgi apparatus and f inal app

earance of the label in terminal-pool protein (Pattern A). 

Both amino acid and mannose incorporation are sensi t ive to 

inhibition by puromycin. These findings ref lec t the fact 

that mannose occurs in the oligosaccharide core near the 

GlcNAc-Asn linkage region (Fig.20, p. 107) and incorporation 

of this monosaccharide therefore takes place early in the 

biosynthetic process, shortly after the peptide i t s e l f has 

been assembled on the ribosomes. Puromycin inhib i t s peptide 

formation and there is subsequently no substrate to act as 

acceptor for mannose. 

(b) Radioactive s i a l i c acid, L-fucose and galactose are a l l 

incorporated primarily in the smooth-surfaced endoplasmic 

reticulum and Golgi apparatus and are then transferred to 

terminal-pool protein (Pattern B). This is to be expected 

for sugars that only occur at or near the non-reducing termini 

of oligosaccharide prosthet ic groups and are therefore incor

porated into glycoprotein in the final stages of the biosyn

thetic process. The incorporation of L-fucose and galactose 

is not appreciably inhibited by puromycin, since there is an 
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adequate reserve of unfinished glycoprotein within the endo

plasmic reticulum to act as acceptor for these sugars . This 

reserve is maintained for an appreciable length of time after 

prote in synthesis has been inh ib i t ed by puromycin. Radioac

t i ve L-fucose is an excel lent label for the Golgi apparatus 

because it is not metabolized to any large extent to amino 

acids or to other sugars. 

(c) Radioactive glucosamine is incorporated simultaneously 

into both rough- and smooth-surfaced endoplasmic ret iculum 

and is then t ransferred to terminal-pool prote in (Pat tern 

C) . This is consistent with the fact t ha t N -ace ty lg lucos

amine appears in three loca t ions in the ol igosaccharide 

p ros the t i c group (Fig. 18, p .104) , namely the GlcNAc- Asn 

linkage region, the core and the terminal non-reducing t r i ¬ 

saccharides. Thus glucosamine incorporat ion occurs through

out the biosynthet ic process . 

There is considerable controversy as to whether the 

N-glycosidic linkage between N-acetylglucosamine and aspar¬ 

agine in glycoproteins is formed before the completion of 

the peptide and i t s re lease from the ribosome, or subsequent 

to t h i s completion and r e l e a s e . Evidence from work with 

l i ve r and plasmocytoma ind ica tes tha t a small amount of 

N-acetylglucosamine becomes incorporated in to peptide which is 
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s t i l l nascent on ribosoraes. There is the remote p o s s i b i l i t y 

tha t GlcNAc-Asn is incorporated in to p ro te in as such, but a l l 

quests for an GlcNAc-Asn "ac t iva t ing enzyme" have ended with 

f a i l u r e . Recently, R. D. Marshall has s tudied a l i v e r enzyme 

tha t t ransfers N-acetylglucosamine from UDP-G1cNAc to Asn 34 

in ribonuclease A, converting it i n to r ibonuclease B. With 

respect to the formation of o ther types of carbohydrate 

pept ide linkages (e .g . Ga1NAc-Ser, Ga1-Hy1 or Xy1-Ser) the 

s i t ua t i on is much c l ea r e r . This I s h a l l discuss somewhat 

l a t e r . 

The k i n e t i c data summarized in Table 10 i n d i c a t e the 

stepwise incorporation of monosaccharides in to ol igosaccharide 

p ros the t i c groups while nascent pept ides move from rough¬ 

surfaced endoplasmic reticulum to smooth-surfaced endoplasmic 

reticulum and Golgi apparatus and then f i n a l l y to the terminal 

pool. The nature of th i s terminal pool depends on the t i s s u e 

under study; thus in the thyroid the terminal pool r epresen t s 

thyroglobulin s tored in the co l lo id . In secre tory c e l l s which 

do not s to re t h e i r secre tory products , the terminal pool is 

the secre ted product, e .g . in l i v e r i t i s represented by plasma 

glycoproteins . In a l l c e l l s , presumably, some of the terminal 

pool must be membrane-bound glycoprotein; t h i s is e s p e c i a l l y 

apparent in non-secretory c e l l s such as HeLa ce l l s and duodenal 
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Figure 24 Diagram i l l u s t r a t i n g the movement of glycoprotein 
molecules through a c e l l such as of l i v e r . The poly
peptide core of the glycoprotein is assembled on 
ribosomes in the rough endoplasmic re t iculum (RER) ; 
some carbohydrate may be incorporated i n to pept ide 
at th i s stage by the membrane-bound glycosy1trans
ferases. The pept ide is re leased from the ribosome 
into the i n t r a v e s i c u l a r channels of the endoplasmic 
reticulum and t raverses these channels from rough 
endoplasmic reticulum to smooth endoplasmic r e t i c 
ulum to Golgi apparatus . Sugars are incorporated 
sequent ia l ly throughout t h i s t r ave r se by a mult i¬ 
glycosyl t ransferase system firmly at tached to mem
brane (T1} T2 , T3 , . . . T n ) . The terminal sugars 
of the side chain group (usual ly s i a l i c acid , fuc¬ 
ose and galactose) are incorporated i n t o glycopro
t e in in or near the Golgi apparatus . The comple
ted glycoprotein is packaged in to secre tory gran
ules (SG) by the Golgi apparatus; these granules 
then break off the Golgi apparatus and migrate 
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toward the plasma membrane (PM). The membrane of 
the secretory granules fuses with plasma membrane 
and the fused portion then breaks down to re lease 
glycoprotein in to the e x t r a c e l l u l a r space. The 
fusion process is bel ieved to be a mechanism of 
generating new plasma membrane. Not shown in the 
diagram is the ro le tha t the Golgi apparatus is 
believed to play in generating i n t r a c e l l u l a r 
membrane for organelles such as lysosomes. The 
glycoprotein components of such i n t r a c e l l u l a r 
membranes appear to be assembled in a manner anal 
ogous to the secre ted glycoprote ins . ( , N - ace ty l¬ 
glucosamine; , mannose; •, galactose; V, L-fucose; 
•, s i a l i c acid) . 

columnar c e l l s , in which the terminal pool is the plasma 

membrane glycoprotein. 

I t i s o f i n t e r e s t to po in t out t ha t l abe l led l i v e r 

glycoproteins are readi ly re leased from both rough- and 

smooth-surfaced microsomes by u l t r a s o n i c o s c i l l a t i o n , imp

lying tha t these materials are within the c i s t e rna l spaces 

of the endoplasmic reticulum. However, some newly syn thes 

ized glycoprotein is also firmly at tached to the microsomal 

membrane and it is possible tha t the difference in binding 

to the membrane may r e f l e c t the u l t imate dest inat ion of the 

glycoprotein, e i t h e r in the e x t r a c e l l u l a r secre t ion or as 

pa r t of the i n t r a c e l l u l a r membrane system. 

A diagramatic representa t ion of our current views 

of the biosynthesis is given in f igure 24, modified from 

Schachter and Roden (2 ) . 
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BIOSYNTHESIS OF IMMUNOGLOBULINS 

S t u d i e s on t h e b i o s y n t h e s i s o f immunoglobulin l i g h t 

chains s e c r e t e d b y myeloma c e l l l i n e s o f mice ( e . g . l i n e 

MOPC-46) have p r o v i d e d f u r t h e r i n f o r m a t i o n a b o u t t h e mechan

ism o f i n t r a c e l l u l a r assembly o f t h e c a r b o h y d r a t e u n i t s o f 

g l y c o p r o t e i n s ( A l ) . The c a r b o h y d r a t e u n i t s o f t h e comple ted 

l i g h t cha ins s e c r e t e d from MOPC-46 plasmacytoma c e l l s c o n t a i n 

N - a c e t y l g l u c o s a m i n e , mannose, g a l a c t o s e , L- fucose and s i a l i c 

a c i d i n t h e mo la r r a t i o 3 : 4 : 4 : 2 : 2 . The u n i t s a p p e a r t o b e 

s i m i l a r t o t h e o l i g o s a c c h a r i d e s t r u c t u r e s a t t a c h e d t o human 

immunoglobulin heavy c h a i n s , a l t h o u g h they a r e p r o b a b l y more 

h i g h l y b ranched . A f t e r s u b c e l l u l a r f r a c t i o n a t i o n o f t h e 

tumor c e l l , l i g h t c h a i n s were r e l e a s e d from t h e membranes o f 

the rough endop lasmic r e t i c u l u m by mi ld t r e a t m e n t w i th d e t 

e r g e n t . This m a t e r i a l , p u r i f i e d by ion exchange chromatography, 

was found to c o n t a i n 2 - 3 moles of N - a c e t y l g l u c o s a m i n e , 3-4 

moles of mannose and o n l y t r a c e s of o t h e r s u g a r s . The p r o d u c t 

i s o l a t e d from smooth membranes c o n t a i n e d , in a d d i t i o n , abou t 

h a l f o f t h e g a l a c t o s e c o n t e n t o f t h e s e c r e t e d g l y c o p r o t e i n , 

i n d i c a t i n g t h a t t h i s s u g a r was a t t a c h e d s u b s e q u e n t t o t h e 

complet ion o f a co re o l i g o s a c c h a r i d e c o n t a i n i n g o n l y N - a c e t y l -

glucosamine and mannose. There i s , however , e v i d e n c e t h a t 

N - a c e t y l g l u c o s a m i n e t r a n s f e r o c c u r s b o t h a t t h e rough and t h e 
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smooth membranes (which contain Golgi membranes) . 

Radioautographic s tudies in these ce l l l i n e s using 

l abe l l ed leucine, mannose or ga lac tose , c l ea r ly showed t h a t 

migration from the rough endoplasmic ret iculum to the Golgi 

apparatus occurs a f te r incorporat ion of the mannose in to 

polypeptide but before attachment of ga lac tose . The comple

t ion of the carbohydrate chains then proceeds in the membrane 

stacks of the Golgi apparatus. 

SYNTHESIS OF SUGAR CONSTITUENTS 

Like most monosaccharides found in na tu re , most of 

the sugar cons t i tuents of carbohydrates in animal c e l l s , with 

the exception of s i a l i c acid, are synthesized as n u c l e o t i d e -

l inked der iva t ives from nucleot ide- l inked precursors (Fig.25) , 

the best known of which is u r id ine diphosphate glucose ( p . 1 9 ) . 

Relat ively few, e .g . N-acetylglucosamine, may a r i s e from 

products of intermediate metabolism. 

The recognition of the centra l r o l e played by sugar 

nucleot ides in carbohydrate metabolism, which stemmed from 

the pioneering work of Leloi r and h i s co-workers, was of 

prime importance in paving the way for our understanding of 

the biosynthesis of simple and complex polysaccharides -

including glycoproteins (cf. pp. 18-22). The nucleoside 
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Figure 25 Pathways of formation of sugar nuc leo t ides in 
animals. 

diphospho moiety can be considered as a handle , which holds 

the sugar for transformation or t r an s f e r and appears to 

confer spec i f i c i t y on the enzymes ca ta lyz ing these r e a c t i o n s . 

Nucleotide-linked sugars can undergo severa l types of 

modification r e a c t i o n s , or t ransformat ions , including epimer-

iza t ion , oxidation, decarboxylation, reduct ion and rearrange

ment (5) . In a l l of these reac t ions n i c o t i n e amide adenine 

dinucleotide (NAD or DPN) or n i c o t i n e amide adenine d inucle-

otide phosphate (NADP or TPN) or both , are requ i red . 
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In t h e i r other r o l e , nucleot ide- l inked sugars serve 

as donors of sugar residues in the formation of o l igo - and 

polysaccharides, l ipopolysaccharides , glycoproteins and 

glycolipids (6 ) . In the same organism, d i f ferent nucleot ide 

diphosphates may be used for ac t i va t ion of d i f fe ren t sugars 

- e .g. glucose as UDP-Glc, and mannose as GDP-Man. Sometimes, 

however, the same sugar may be at tached to d i f ferent nucleo

t ide diphosphates. Thus, in b a c t e r i a UDP-Glc may be u t i l i z e d 

for the biosynthesis of l ipopolysacchar ides , whereas ADP-Glc 

is the precursor of glycogen; in con t ras t , in animals glycogen 

is formed from UDP-Glc. 

The use of d i f ferent nucleot ides as c a r r i e r s of mono

saccharides may be advantageous to the organism in t h a t it 

separates pathways of synthesis and offers a means for t h e i r 

independent control (5) . 

The most common precursor of the sugar moieties of 

complex carbohydrates is glucose. Formation of such complex 

compounds from glucose is the r e s u l t of a number of r e a c t i o n s . 

1. Synthesis of monomer u n i t s , e i t h e r d i r ec t l y from glucose 

(e .g . mannose) or via modifications ( react ion 3 below). 

2. Activation of monomers (by conversion i n to nuc leo t ide -

1inked sugars) . 

3. Modification of the nucleot ide- l inked sugar ( e .g . 

UDP-Glc UDP-Gal). 
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4. Transfer to a polymeric acceptor , e i t h e r d i r e c t l y or 

via a l i p i d c a r r i e r . 

As pointed out , a l l in te rconvers ions of glucose to 

the sugars found in glycoproteins occur at or p r i o r to the 

nucleotide sugar s t a t e . Recent work has shown, however, 

tha t epimerization reactions are not exc lus ive ly l imi ted to 

the precursor s tage. Thus the L-guluronic ac id component of 

a lg in ic acid is formed by epimerizat ion of D-mannuronic acid 

af ter incorporation of the l a t t e r i n to the polymer (A2), and 

similarly the L-iduronic acid res idues of heparin a re formed 

at the polymer level by epimerizat ion of D-glucuronic acid 

residues (A3) (see also l ec tu re 16) . 

BIOSYNTHESIS OF 6-DEOXY SUGARS (7) 

Before discussing the r e s u l t s of s tud ie s of glycopro

te in synthesis in ce l l free systems, l e t us see in more 

deta i l how some typical monosaccharide cons t i t uen t s of glyco

proteins are formed. 

L-Fucose is formed from mannose, v ia the n u c l e o t i d e -

1inked sugar GDP-Man. This involves epimerizat ion at C-3 

and C-5 and reduction at C-6 of the mannose molecule. 
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CHO 
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I 
HCOH 

I 
HOCH 

I 
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L-Fucose 
(6-deoxy-L-galactose) 

In the f i r s t s t ep , GDP-Man is synthesized by the 

following reaction 

GTP + Man-l-P GDP-Man + PPi 

The react ion is r eve r s ib l e , with the equi l ibr ium to the 

l e f t , i . e . in the di rect ion of pyrophosphorylysis of 

GDP-Man, but in vivo it proceeds to the r i g h t . This is 

because of the ubiquitous presence of pyrophosphatases, which 

hydrolyse the inorganic pyrophosphate (PP i) formed, and 

sh i f t the equilibrium to the synthesis of GDP-Man. 

The transformation of GDP-Man to GDP-L-Fuc involves 

two s tages . The f i r s t stage r e su l t s in the formation of a 

nucleot ide-l inked 4-keto-6-deoxy intermediate; in t h i s case 

GDP-4-keto-6-deoxy-D-mannose (GDP-4KDM). In the second s t e p , 

t h i s intermediate is converted into GDP-L-fucose (F ig .26) . 
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Figure 26 Conversion of GDP-Man in to GDP-L-Fuc v ia 
the 4-keto-6-deoxy in te rmedia te . 

The 4-keto compound is a key intermediate in t h i s type of 

r eac t ion , common for the b iosynthes is not only of deoxy-

hexoses but a l so of 3,6-dideoxyhexoses, 4-amino-4, 6-dideoxy-

hexoses and r e l a t e d compounds. The reac t ion is ca ta lysed 

by enzymes r e fe r r ed to as oxidoreductases and is i r r e v e r s 

i b l e . Once a nuc leo t ide - l inked hexose becomes converted to 

the 4-keto de r iva t ive , the sugar is no longer ava i l ab le for 

the main metabolic pathways of energy product ion . 

The conversion in to the 6-deoxyhexose, in t h i s case 

L-fucose, is the r e s u l t of epimerizat ion at C-3 and C-5 of 

the 4-keto-6-deoxy d e r i v a t i v e , followed by s t e r e o s p e c i f i c 

reduction at C-4. 

The reac t ion mechanism of deoxy sugar b iosyn thes i s 

has been e luc ida ted with enzymes from E. c o l i , which convert 

TDP-D-Glc to the corresponding L-rhamnose (6-deoxy-L-mannose) 

d e r i v a t i v e , TDP-L-Rha. 
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Figure 2 7 Conversion of TDP-Glc in to TDP-L-Rha via the 
4-keto-6-deoxy in termedia te . 

This sequence of reactions (Fig.27] is analogous to the 

transformation of GDP-Man to GDP-L-Fuc. The f i r s t s tep 

involves oxidation at C-4 and conversion of the primary 

alcoholic group at C-6 to a methyl group. The e lucidat ion 

of the reaction mechanism was accomplished by using a 

variety of approaches which included preparat ion of s e l e c t 

ively t r i t i a t e d substra tes to t race the fate of the t r i t i um 

during the enzymic reac t ion . It was thus found tha t form

ation of the 4-keto-6-deoxy compound proceeds by an i n t r a 

molecular hydrogen t ransfe r from C-4 to C-6 (Fig.28) . 

This was es tabl ished in a study with TDP-Glc l abe l l ed 

specif ica l ly at C-4 with t r i t i um. The l abe l l ed sugar nucle

otide was obta.ined from syn the t i c glucose-4-T, which was 

converted by hexokinase and ATP to glucose-6-phosphate-4-T. 

Treatment of the l a t t e r compound with phosphoglucomutase 

afforded glucose-l-phosphate-4-T, which reacted with deoxy 
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thymidine tr iphosphate (TTP) in the presence of TDP-Glc 

pyrophosphorylase, to y i e l d TDP-Glc-4-T. When the prepara

t i o n of TDP-Glc-4-T was incubated with the TDP-Glc oxidored-

u c t a s e , the s u b s t r a t e was converted q u a n t i t a t i v e l y to 

TDP-4-keto-6-deoxyglucose-6-T: the t r i t i u m o r i g i n a l l y p r e s 

ent on C-4 of the glucose was t r a n s f e r r e d to C-6 of the 

4-keto der iva t ive . No exchange of t r i t i u m with the medium 

occurred during the r e a c t i o n . An i d e n t i c a l intramolecular 

hydrogen t r a n s f e r was observed when TDP-Glc s p e c i f i c a l l y 

l a b e l l e d with deuterium at the C-4 of the glucose (TDP-Glc-

4-D) was used as the s u b s t r a t e . These experimental findings 

a r e consis tent with formation of a 5,6-glucoseen d e r i v a t i v e , 

r e s u l t i n g from loss of water from C-5 and C-6 of t h e or ig ina l 

sugar (Fig. 28) This loss of water is followed by reduction 

of the double bond between C-5 and C-6. 

Homogeneous preparat ions of the TDP-Glc oxidoreductase 

from E. c o l i contained one mole of NAD per mole of enzyme. 

All avai lable evidence shows t h a t the r e a c t i o n s catalyzed by 

t h e enzyme occur with the NAD firmly bound to i t s surface. 

TDP-Glc is i n i t i a l l y a t tacked by enzyme-NAD+ to y i e l d 

TDP-4-ketoglucose, with concurrent formation of enzyme-NADH 

(Fig .28) . The 4-keto der iva t ive of glucose (a 4-hexulose) is 

converted by β-el iminat ion of water between C-5 and C-6 to 
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Figure 28 Proposed mechanism of oxidoreductase reac t ion . 
E stands for the enzyme. All intermediates 
given in parenthesis in th i s and other figures 
are hypothet ical . 

form the unsaturated glucoseen. This 5,6-glucoseen serves 

as hydrogen acceptor for the enzyme-NADH complex, with 

res tora t ion at enzyme-NAD+, and formation of the end product 

of the react ion, TDP-4KDG. The l a t t e r compound is more 

appropriately named TDP-6-deoxy-D-xylo-4-hexulose. 

Chemical reduction of the 4-keto-6-deoxy compound 

affords a mixture of two epimeric 6-deoxy sugar d e r i v a t i v e s , 

6-deoxygalactose (D-fucose) and 6-deoxyglucose (quinovose) , 

which di f fer in the configuration at C-4. However, in the 

enzyme catalyzed reaction only one product is obtained 

(L-rhamnose), which is d i f ferent from those j u s t mentioned. 
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After the formation of the 4-keto in te rmedia te , i t is 

s t i l l necessary to change the configuration at C-3 and C-5, 

and to reduce the keto group at C-4, in order to obtain the 

f i n a l product , TDP-L-Rha (Fig.29). At l eas t two and poss ibly 

t h r e e add i t iona l enzymes p a r t i c i p a t e in these r e a c t i o n s . As 

a f i r s t s t e p , an enzyme (or enzymes) referred to as 3,5 i s o -

merase , ca ta lyzes epimerizations at carbons 3 and 5, probably 

v i a the enediol form. For example, in the f i r s t s tage of the 

r e a c t i o n , the keto-enol transformation r e su l t s in double bond 

formation between C-3 and C-4 with loss of assymetry at C-3. 

S t e r e o s p e c i f i c rearrangement into the 4-keto compound, r e s u l 

t i n g in epimerizat ion at C-3, leads to the same configurat ion 

at t h i s carbon as in L-rhamnose. In a s imi lar way, epimer

i z a t i o n is assumed to proceed at C-5. It should be emphasized 

F igure 29 Proposed mechanism for the conversion of 
TDP-4-keto-6-deoxyglucose into TDP-L-rhamnose, 
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tha t these steps are hypothet ica l , as are a l l the intermed

i a t e s in brackets in Fig.29. I t i s fur ther assumed t h a t the 

intermediates are bound to the enzyme. 

The epimerizations are followed by a s t e reospec i f i c 

reduction by an enzyme referred to as a reductase . In this 

reaction a stoichiometric amount of NADPH is required to 

reduce the keto group at carbon 4, r e su l t ing in r e l ea se from 

the enzyme of TDP-L-Rha, the f inal product of the pathway. 

Undoubtedly the same react ion mechanisms operate in 

the conversion of GDP-Man to GDP-L-fucose. 

BIOSYNTHESIS OF GALACTOSE AND XYLOSE 

There is now a considerable amount of evidence showing 

tha t 4-keto sugars also serve as intermediates in react ions 

not involved in 6-deoxyhexose b iosynthes is . Among 

these reactions is the epimerization of glucose to galactose 

by UDP-Gal-4-epimerase, previously known as "galactowaldenase", 

and the UDP-glucuronic acid decarboxylase. The l a t t e r enzyme 

catalyzes the conversion of UDP-GlcUA to UDP-Xyl, which is the 

donor of xylose for the synthesis of the carbohydrate-peptide 

linkage in mucopolysaccharides. 

As we have jus t h inted, galactose is formed v ia UDP-Glc. 

This is the resu l t of an epimerization react ion which is NAD+ 
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l inked. It occurs by an oxidation reduction reac t ion with

out any intermediates re leased from the surface of the 

enzyme. Thus, no exchange of t r i t i um or oxygen-18 with the 

medium could be detected in s tudies of t h i s r eac t ion , and 

a 4-keto intermediate has not been i s o l a t e d . There i s , 

however, suf f ic ient evidence for the p a r t i c i p a t i o n of such an 

intermediate in the react ion (Fig .30) . 

Figure 30 Mechanism of action of UDP-Gal-4-epimerase. 
E denotes the enzyme. 

All tha t UDP-Gal-4-epimerase does is to f l i p over the 

4-OH from one posi t ion to the o ther , converting an equatorial 

hydroxyl at C-4 in glucose to an axia l one, as in galactose 

(Fig.31). The presence of the 4-axia l hydroxyl introduces a 

cer ta in degree of i n s t a b i l i t y in to the molecule of galactose 

as compared to glucose. This is probably the reason why the 

r a t i o of UDP-Glc to UDP-Gal at equilibrium in the enzyme 

catalyzed epimerization reaction is 3 : 1 . 
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Figure 31 Conversion of UDP-Glc to UDP-Gal c a t a l y z e d 
by UDP-Gal-4-epimerase. 

Other 4-epimerases a re known, such as t hose t h a t 

conve r t UDP-GlcNAc to UDP-GalNAc, UDP-Xyl to UDP-L-Ara 

or TDP-GlcNAc to TDP-GalNAc. A p p a r e n t l y , t hey o p e r a t e 

by the same mechanism as UDP-Gal-4-epimerase . 
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THE SIALIC ACIDS 

The s i a l i c acids (1,2) are important c o n s t i t u e n t s of 

glycoproteins as well as of gangliosides and milk o l igosac

charides (Table 11), which deserve spec ia l cons iderat ion. 

Before describing t h e i r b i o s y n t h e s i s , l e t me say a few words 

about t h e i r chemistry. 

In contrast to a l l the o t h e r sugars we have discussed, 

which are b u i l t of s ix or five carbons in a chain, the s i a l i c 

acids are nine-carbon sugars . They are predominantly N- and 

O-acyl derivatives of the ct-ketopolyhydroxyamino acid, known 

as neuraminic acid, which can be viewed as a condensation 

product of mannosamine and pyruvic ac id . It was f i r s t i s o 

lated in i t s d iacety l form from bovine submaxillary mucin 

by G. Blix in Uppsala in 1936 and subsequently as neuraminic 

acid β-methyl glycoside from bra in gangliosides by E. Klenk 

142 
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Table 11 

S i a l i c ac id-conta in ing polymers 

Carbohydrate cons t i t uen t s 
S i a l i c Gal Glc Man Glc- Gal- Fucose 
acid NAc NAc 

Colominic acid (E.coli) 
(polyneuraminic acid) 

Milk o l igosacchar ides 

Blood glycoproteins 

Submaxillary mucins 

Gangliosides 

in Koln in 1941. The most widely d i s t r i b u t e d s i a l i c acid 

is N-acetylneuraminic acid named sys temat ica l ly 5-acetamido-

3,5-dideoxy-D-glycero-p-galactononulosaminic acid (abbreviated 

as NANA or as NeuAc) (Fig.32) . The s i a l i c acids are readi ly 

Figure 32 St ruc ture of N-acetylneuraminic acid (NANA or NeuAc) 

degraded by both acids and b a s e s . The parent compound of t h i s 

family, neuraminic ac id , is unstable and has never been en

countered in n a t u r e . To date 15 d i f fe ren t s i a l i c acids have 
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been ident i f ied in nature (2,A1). However, the b io log ica l 

significance of the variat ions in t h e i r s t r u c t u r e is not 

known. Some examples of na tura l ly occurring s i a l i c acids 

are given below. Straight-chain s t ruc tu re of neuraminic acid 

is also included, for comparison. 

Neuraminic N - a c e t y l N - g l y c o l y l N,0- N,0- N-acetyl 
acid diacetyl d iace ty l O - d i a c e t y l 

WIDESPREAD HORSE COW,FISH COW 

N-Acetylneuraminic acid and, most probably, a l l o the r 

s i a l i c acids, occur in the pyranose form and have the 1C 

conformation (Fig. 32). 

The stereochemistry of the ke tos id ic bond of s i a l i c 

acid has been elucidated by a study of the two anomeric 

methyl ketosides (Fig.33, I and II (A2)). In t h i s s tudy, the 

ketosides were converted by periodate-borohydride t rea tment 
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Figure 33 Reactions used in demonstrating t h e stereochem
i s t r y of the anomeric N-acetylneuraminic acid 
ketos ides (from A2). I and II are t h e α and β -
methyl ketos ides of NANA, r e s p e c t i v e l y . DCC 
denotes dicyclohexylcarbodimide. 

to compounds I I I and IV, r e s p e c t i v e l y , followed by l a c t o n -

i z a t i o n of one of the isomers only . Indeed, examination of 

Dreiding models of compounds I I I and IV demonstrates t h a t 
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only one anomer is p o t e n t i a l l y able to l a c t o n i z e , and t h i s 

was accordingly assigned s t r u c t u r e IV. This anomer and i t s 

precursor (II) were r e s i s t a n t to neuraminidase, whereas 

compounds I and I I I were hydrolyzed by t h e enzyme. 

The configuration of the k e t o s i d i c bond of s i a l i c acid 

in n a t u r a l l y occurring substances is thus of the less s t a b l e 

anomer I (Fig.33), with the k e t o s i d i c bond equator ia l and t h e 

carboxyl group axial to the pyranoid r i n g . It i s assigned 

the α-D configuration in accordance with the ru les of nomen

c l a t u r e . However, in cyt idine 5'-monophospho-N-acetylneuram-

i n i c acid, the substrate for s i a l y l t r a n s f e r a s e , the l inkage 

is apparently β-ketosidic (Fig-37, p .151) . 

N-Acetylneuraminic acid can be synthesized e i t h e r 

chemically, by condensation of 4,6-benzylidene-N-acylglucos-

amine and di-tert-butyl oxalacetate ( in t h i s r e a c t i o n , epim-

erizat ion at C-2 of glucosamine to mannosamine occurs) or by 

enzymic condensation of pyruvate and N-acetylmannosamine. 

Using su i tab le hexosamine der iva t ives as s t a r t i n g m a t e r i a l s , 

N-glycolylneuraminic acid and a number of s i a l i c acids not 

occurring in nature have been synthesized. 

As already mentioned, acylneuraminic acids general ly 

occupy the non-reducing ends of hetero-ol igosacchar ide chains 

in glycoproteins and g lycol ip ids . In these molecules they 
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are bound by α - g l y c o s i d i c l inkages to g a l a c t o s e , N - a c e t y l 

galactosamine or l e s s often to a second N-acetylneuraminic 

acid molecule. An unusual compound is colominic ac id pro

duced by E. coli, shown to be a polymer of N-acetylneuram-

i n i c a c i d . Most s i a l i c acids are r e a d i l y r e l e a s e d from 

t h e i r g lycos id ic l inkages by neuraminidases or d i l u t e acids 

(p. 58). 

The nine-carbon backbone of acylneuraminic acids is 

formed in vivo by condensation of N-acetylmannosamine (or i t s 

6-phosphate) with phosphoenolpyruvate. This r e a c t i o n is 

catalyzed by N-acetylneuraminate (-9-phosphate] synthase. 

N-Acetylmannos amine may be formed by d i r e c t epimerizat ion of 

N-acetylglucosamine by an enzyme which is found in many animal 

t i s s u e s . Usually, however, it is formed from UDP-GlcNAc, by 

a 2-epimerase, according to the following r e a c t i o n : 

UDP-N-acetylglucosamine 217-acetylmannosamine + UDP. 

This ep imer izat ion r e a c t i o n is c l e a r l y unique among 

the hexose in te r-convers ions involving n u c l e o t i d e - l i n k e d 

sugars, s ince the monosaccharide product is f r e e , and not 

nucleotide-bound. The mechanism of t h i s r e a c t i o n was i n v e s t 

igated in d e t a i l by W. Salo and H. G. F le tcher (A3) who 

concluded, among o t h e r t h i n g s , t h a t UDP-N-acetylmannosamine 

is not an i n t e r m e d i a t e in t h e 2-epimerization r e a c t i o n . 
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There is now evidence (A4) t h a t t h i s 2-epimerase react ion 

may proceed by a trans e l imination of UDP, with formation 

of an intermediary unsaturated compound, a 2-acetamidoglucal, 

as shown in Fig.34. 

Figure 34 Proposed mechanism of action of UDP-N-acetyl-
glucosamine-2-epimerase. I, UDP-GlcNAc; 
I I , 2-acetamidoglucal; I I I , N-acetylmannosamine 
(A4). 

The transformation of N-acetylmannosamine to N-a.cetyl-

neuraminic acid in mammalian t i s s u e s , s t a r t s with the forma

t ion of N-acetylmannosamine-6-phosphate: 

ManNAc + ATP ManNAc-6-P + ADP 

ManNAc-6-P then condenses with phosphoenolpyruvate (PEP) , and 

the r e su l t an t NANA-9-phosphate is dephosphorylated to NANA 

(Fig. 35). 

N-Acetylneuraminic acid is produced both by ver tebra tes 

and inver tebra tes and by some b a c t e r i a . It is a precursor of 

N-glycolylneuraminic acid, of N-acetyl-4-C-acetylneuraminic 

acid and of N -ace ty l -7 - or 9-O-acetylneuraminic acids found 

in a var ie ty of t i s s u e s . Formation of N-glycolylneuraminic 



SIALIC ACIDS 149 

Figure 35 Synthesis of NANA from N-acetylmannosamine-6-
phosphate and phosphoenolpyruvate. 

ac id from NANA is by d i r e c t enzymic hydroxyla t ion. In add

i t i o n to oxygen, t h i s reac t ion requi res ascorbate or NADPH 

and Fe + + . The acetyl donor in t h i s r eac t ion is ace ty l 

coenzyme A. The enzyme acetyl-CoA : N-acetylneuraminate 

4-O -ace ty l t ransferase and the corresponding 7- or 9-O-acetyl-

t r ans fe rase ( s ) have been discovered in equine and bovine 

submandibular g lands . Acetyla t ion of hydroxyl groups of 

N-acetylneuraminic acid has also been demonstrated in c e l l 

free systems. 

Recently it has been shown tha t modification of the 

N -acetyl i n to the N -g lyco ly l compound, as well as O-acetyl-
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a t ion , can occur by the act ion of a hydroxylase (which 

requi res ascorbic acid and oxygen for i t s action) or of an 

O-acetyl t ransferase, respec t ive ly , a f te r the NANA had been 

incorporated into the glycoprotein. This is another example 

of a modification reaction at the polymer level (Fig .36) . 

Figure 36 Hydroxylation of N-acetylneuraminic acid , 
e i the r free or a f t e r incorporat ion in to 
glycoprotein. NGNA, N-glycolylneuraminic 
acid. Modified from Schauer (2) . 

Activation of s i a l i c acid occurs by i t s conversion 

into a nucleotide sugar, CMP-NANA, which is of unusual 

s t ructure (Fig.37): i t contains only one phosphate group, 

in contrast to a l l nucleot ide- l inked sugars we have 

encountered t i l l now, which are diphosphate (or pyrophos

phate) der ivat ives . Moreover, t h i s sugar nucleot ide is 

formed from NANA and cytidine t r iphosphate in a reac t ion 
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Figure 37 Cytidine monophosphate N-acetylneuraminic 
acid (CMP-NANA) . 

which is i r r e v e r s i b l e : 

NANA + CTP CMP-NANA + PPi 

All other r e a c t i o n s which lead to the formation of 

sugar nuc leot ides from the respect ive nucleoside t r i p h o s 

phates and sugar phosphates are r e v e r s i b l e . It should a lso 

be noted t h a t NANA is n o t phosphorylated p r i o r to the r e a c 

t ion with CTP. To explain these unusual f a c t s , it has been 

assumed t h a t in the synthes i s of CMP-NANA, the f i r s t s tep 

is the nuc leophi l ic a t tack of the carboxyl of NANA on the 

α-phosphate of CTP, leading to the formation of a mixed 

anhydride (Fig .38) . The mixed anhydride being r a t h e r unstable 

(or "energy r i c h " ) rearranges in an i r r e v e r s i b l e react ion to 

the f ina l product, CMP-NANA in which the l inkage between 

151 
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Figure 38 Hypothetical f i r s t s tep in the reac t ion leading 
to the formation of CMP-NANA from N -ace ty lneur-
aminic acid and cy t id ine t r iphospha te . 

NANA and the phosphate is a 6-glycosid ic one. There i s , 

however, no evidence for th i s mechanism. 

The enzyme which synthesizes CMP-NANA is also known 

as CTP:acyl-neuraminate-cytidylyl- transferase. When i s o l a 

ted from different submandibular glands, it was found to be 

unspecific with regard to the various N- and O-acyl s u b s t i -

tuents of s i a l i c acids. 

As we shal l soon see , t he CMP-sialic acids are t r a n s 

ferred to growing glycoprotein (and g lycol ip id) molecules by 

di f ferent s ia ly l t rans fe rases which exh ib i t s p e c i f i c i t y wi th 
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r e g a r d t o t h e a c c e p t o r s o f the s i a l i c a c i d s . However, t h e 

n a t u r e and p o s i t i o n of t h e N- and O-acyl s u b s t i t u e n t s of 

b i o l o g i c a l l y o c c u r r i n g acy lneu ramin ic ac id s appear t o have 

n o s i g n i f i c a n t i n f l u e n c e o n t h e a c t i v i t y o f t h e t r a n s f e r a s e s . 

The enzymes s y n t h e s i z i n g N - a c e t y l n e u r a m i n i c a c i d from 

hexoses and c o n v e r t i n g i t to CMP-NANA a r e known to o c c u r in 

t h e c y t o p l a s m . The enzymes modifying N - a c e t y l n e u r a m i n i c 

a c i d , and t r a n s f e r r i n g the d i f f e r e n t s i a l i c a c i d s t o g l y c o 

p r o t e i n s appea r t o be f i rmly bound to s u b c e l l u l a r membranes, 

p r o b a b l y t o t h e Golgi a p p a r a t u s . 
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GLYCOPROTEIN BIOSYNTHESIS - II 

BIOSYNTHESIS OF SACCHARIDE SIDE CHAINS IN CELL 
FREE SYSTEMS 

The formation of the carbohydrate moieties of glyco

pro te ins occurs by enzymic t r a n s f e r of s ing le sugar residues 

from nuc leo t ide - l inked sugars to nonreducing terminal p o s i 

t ions of the growing saccharide s ide chains , as well as to 

amino acid s ide chains on p r o t e i n s . Much information on 

these t r ans fe r reac t ions has accumulated as a r e s u l t of ex

tens ive s tud ies in c e l l free systems with i s o l a t e d , though 

not always p u r i f i e d , enzymes (1) . 

Let us s t a r t by considering the r e l a t i v e l y simple 

case of the b iosynthes i s of the carbohydrate s ide chains of 

collagen. In t h i s p ro te in e i t h e r a s ing le galac tose u n i t 

or the disacchar ide glucosylgalactose is l inked to hydroxy-

155 
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lys ine . This amino acid is formed by the postribosomal 

hydroxylation of lysine side chains of the collagen precursor. 

I t s hydroxyl group then serves as an acceptor of a galactose 

residue from the act ivated donor, UDP-Gal. This t ransfe r 

reaction is catalysed by a ga lac tosy l t ransferase which is 

spec i f ic to the donor and the pro te in acceptor. The second 

step in the biosynthesis is the t ransfe r of a glucose unit 

from UDP-Glc to the galactose residue linked to the hydroxy-

lysine by another glycosyl t ransferase of d i f ferent specif

i c i t y and ce l lu l a r loca t ion . This g lucosyl t ransferase wi l l not 

at tach glucose residues to hydroxylysine, nor to any acceptor 

other than to the pro te in- l inked galactosyl-hydroxylysine. 

The spec i f ic i ty of enzymes i s , however, not as r i g i d as that 

of a template, and t h e i r r e a c t i v i t y is influenced by env i r 

onmental factors such as the presence of donors and acceptors . 

Therefore, the number of unsubs t i tu ted hydroxylysine residues 

in collagen and of those which carry galactose , or Glc-Gal, 

may vary. This var ia t ion in collagen is another example 

of the microheterogeneity, so c h a r a c t e r i s t i c of the carbo

hydrate side chains of glycoproteins . 

The same sequence of reac t ions is involved in the 

synthesis of the glomerular basement membrane, a lso a 

collagen-type glycoprotein (Fig .39) . Another group of 
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Figure 39 Schematic r e p r e s e n t a t i o n of some of the s teps 
involved in the synthes is of the glomerular 
basement membrane (modified from Spiro ( 2 ) ) . 

g lycosyl transferases is responsible for the assembly of 

the asparagine-l inked heteropolysaccharide u n i t s located 

on the more polar regions of the pept ide chains of the 

basement membrane. 

In the case of t h e plasma g lycoprote ins , α 1 -acid 

glycoprotein and f e t u i n , the enzymic synthes i s of the t e r 

minal t r i s a c c h a r i d e u n i t (Fig.19) has been achieved in a c e l l 

free system with the aid of i s o l a t e d g l y c o s y l t r a n s f e r a s e s . 
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Three s t e p s a r e i n v o l v e d , a c c o r d i n g t o the fo l lowing 

s e q u e n c e : 

UDP-GlcNAc + Man R Gl cNAc Man R + UDP (a) 

UDP-Gal + GlcNAc Man R Gal GlcNAc Man R + UDP (b) 

CMP-NANA + Gal GlcNAc Man R 

NANA Gal GlcNAc Man R + CMP (c) 

R e a c t i o n s a, b and c a r e c a t a l y z e d by N - a c e t y l g l u c o s a m i n y l - , 

g a l a c t o s y l and s i a l y l t r a n s f e r a s e s , r e s p e c t i v e l y . The 

p h y s i o l o g i c a l a c c e p t o r i s u s u a l l y a s u i t a b l e g l y c o p r o t e i n 

or g l y c o l i p i d (Man R in the above s e q u e n c e ) . In f a c t , some 

t r a n s f e r a s e s have an a b s o l u t e r equ i r emen t for an a c c e p t o r 

o f h i g h mo lecu la r we igh t . However, c e r t a i n g l y c o s y l t r a n s -

f e r a s e s can a l so t r a n s f e r suga r t o monosaccharides o r s m a l l 

o l i g o s a c c h a r i d e s , bu t i t i s o f t e n found t h a t t he smal l 

molecule i s l e s s e f f i c i e n t a s a c c e p t o r . A t r a n s f e r a s e i s 

u s u a l l y s p e c i f i c f o r a p a r t i c u l a r s u g a r n u c l e o t i d e and 

t h e s e enzymes a r e t h e r e f o r e c o n v e n i e n t l y c l a s s i f i e d 

a c c o r d i n g t o the suga r t r a n s f e r r e d , i . e . s i a l y l t r a n s f e r a s e s , 

g a l a c t o s y l t r a n s f e r a s e s , e t c . No e x c e p t i o n has y e t been 

found to t h e r u l e t h a t a s i n g l e t r a n s f e r a s e c a t a l y z e s t h e 

s y n t h e s i s of a s i n g l e type of l i n k a g e . The a c c e p t o r s p e c i f 

i c i t y i s u s u a l l y de te rmined b y t h e s u g a r r e s i d u e a t t he 

non- reduc ing end; in some i n s t a n c e s , as w i l l be d i s c u s s e d in 

more d e t a i l below, t h e p e n u l t i m a t e s u g a r and i t s l i n k a g e t o 
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the terminal sugar are a lso important in determining 

acceptor a c t i v i t y . 

An important f ea tu re of the r eac t ions d iscussed is 

t ha t the product of each g lycosyl t ransferase r eac t ion becomes 

the subs t r a t e for the next enzyme in the sequence, a proper ty 

t h a t S. Roseman from Johns Hopkins Universi ty has termed 

"cooperative sequent ia l s p e c i f i c i t y " . He has a l s o introduced 

another concept, t ha t of a mul t ig lycosy l t rans fe rase system, 

or MGT (3) , a complex of g lycosyl t ransferases t h a t catalyzes 

the synthesis of o l igosacchar ide s ide chains in glycoproteins 

for gangl iosides) . 

SPECIFICITY AND DISTRIBUTION 

Pig l i v e r has been shown to contain the four g lycosyl 

t rans fe rases involved in the assembly of the two terminal 

t r i s accha r ides of Asn-GlcNAc-type p r o s t h e t i c groups, i . e . 

L-Fuc-Gal-B-(l 4)-GlcNAc and NANA-Gal-B-(l 4) -GlcNAc 

Studies of s u b s t r a t e s p e c i f i c i t i e s of s i a l y l t r a n s f e r a s e s 

from pig l i v e r , r a t mammary gland and goat colostrum have 

shown tha t the r a t enzyme can be r ead i ly d i f f e r e n t i a t e d from 

the o ther two enzymes by i t s i n a b i l i t y to t r a n s f e r s i a l i c 

acid to a high molecular weight acceptor . Also of g rea t 

i n t e r e s t i s the f inding t h a t goat colostrum and p ig l i v e r 
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sialyltransferases can transfer s i a l i c acid to N-acetyllacto-

samine (Gal-β-(l 4) -GlcNAc) but not to lactose or to the 

β-(l->3) and β-(l 6) isomers of N-acetyllactosamine; pig l iver 

fucosyltransferase has a similar substrate specificity. The 

data indicate that a terminal galactosyl residue, a penult i

mate N-acetylglucosaminyl residue and a β-(l 4) linkage be

tween the two are all essential components of the acceptor 

for both the s ia ly l- and fucosyltransferases. 

The subcellular distribution of the glycosyltransfer-

ases involved in the assembly of the NANA-Gal-GlcNAc terminal 

trisaccharide of theGlcNAc- Asn-type carbohydrate units has 

been studied in r a t l iver. The Golgi-rich fraction is r e l 

atively enriched in the glycosyltransferase act iv i t ies 

studied. Nuclei, mitochondria, rough-surfaced microsomes 

and post-microsomal supernatant have low levels of glycosyl-

transferase activity. These findings are in accord with 

the role of the Golgi apparatus in the biosynthesis of glyco

proteins as described in lecture 7. 

In this connection it is of part icular interest that 

evidence has been obtained suggesting that glycosyltransfer

ases may be present on the cell surface. These surface 

transferases may be involved in cel l-cel l interaction 

phenomena although no conclusive evidence for such a role 
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has yet been obtained (3 ) . I t is poss ib le tha t the surface 

enzymes were o r ig ina l ly present in the Golgi apparatus and 

may have become external ized by the process of reverse 

p inocy tos i s , which is responsible for secre t ion of macro -

molecules from c e l l s . 

The i n t r a c e l l u l a r g lycosyl t ransferases are a l l mem

brane-bound and are ac t ivated by detergents such as Triton 

X-100. The degree of binding to membrane var ies from one 

enzyme to the o ther , but a l l of the mul t ig lycosyl t ransferase 

systems appear to be firmly anchored to the membrane; whereas 

s o l u b i l i z a t i o n is often readi ly achieved by the use of 

de te rgen ts , removal of membrane from the enzyme and subsequent 

p u r i f i c a t i o n are usual ly d i f f i c u l t procedures. 

CONTROL OF GLYCOPROTEIN BIOSYNTHESIS 

Only a l imi ted amount of information is ava i lab le on 

the many factors which control the synthesis of g lycoprote ins . 

Whereas genes control the assembly of ac t iva ted amino acids 

in to polypeptides by an accurate template mechanism, the 

synthes is of polysaccharide p ros the t i c groups is cont ro l led 

by a non-template mechanism in which genes code for a large 

va r i e ty of g lycosyl t ransferases . 

Attachment of carbohydrate s ide chains is i n i t i a t e d 
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through the action of special glycosyltransferases capable 

of incorporating monosaccharides into side-chains of 

peptide-bound amino acids. Detailed studies have been 

carried out on the transferases responsible for synthesis 

of the GalNAc-Ser(Thr), Gal-Hyl and Xyl-Ser linkages; in 

a l l three cases, the transferases require a well-defined 

high molecular weight polypeptide as acceptor and thus 

in i t ia t ion of prosthetic group synthesis appears to be con

trol led by the appropriate amino acid sequence and the 

acceptor specifici ty of the respective glycosyltrans-

ferase. 

After in i t ia t ion has occurred, elongation of the 

oligosaccharides is controlled primarily by the specificity 

of the MGT system for the acceptors. As mentioned, every 

transferase provides the substrate for the next transferase. 

Since the substrate specifici tes of glycosyltransferases are 

relat ive rather than absolute, the assembly of oligosaccha

ride prosthetic groups is subject to error. This phenomenon 

is probably one of several factors responsible for the occur 

rence of microheterogeneity in glycoproteins. 

In addition to specif ic i ty , the action of the t rans

ferase depends on a variety of factors, such as the position 

of amino acid residues near the acceptor s i t e , the ionic 
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environment of the ce l l , and the presence of inhibitors or 

activators of the enzyme. It is therefore not surprising at 

a l l t h a t the structures of the heterosaccharide side chains 

of glycoproteins do not show the same uniformity which we 

expect to find in the amino acid sequence of the protein, 

for the l a t t e r is the direct r e s u l t of the DNA sequence. 

The factors which terminate oligosaccharide chain 

elongation are unknown. Since s i a l i c acid or fucose usually 

occupy terminal non-reducing positions in glycoproteins, it 

is possible that the i r attachment serves as a signal for 

chain termination. 

The large number of different glycoproteins secreted 

by the l iver suggests the presence within the l iver ce l l of 

a correspondingly large number of multiglycosyltransferase 

systems. However, competition studies carried out with pig 

l iver s ialyltransferase indicate that a single transferase 

incorporates s i a l i c acid into N-acetyllactosamine and into 

desialated α1-acid glycoprotein and fetuin. Although 

many more such studies are needed, the data suggest that 

whenever the Gal-β-(l 4) -GlcNAc terminus is presented 

to the Golgi apparatus of the l iver, a single s i a l y l -

transferase attaches s i a l i c acid to the galactose 

residue of the above mentioned disaccharide sequence. It 
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is probable that the terminal trisaccharides of a l l the 

Asn-GlcNAc-type side chains are synthesized by a single 

MGT system in l iver . Li t t le is known, however, about the 

synthesis of the oligosaccharide cores, composed of 

N-acetylglucos amine and mannose residues. Elucidation 

of this problem must await the isolation and characteriza

tion of the glycosyltransferases responsible for synthesis 

of the core, which is in progress in a number of laborat

ories (see pp.122-124). 

The presence of at least one other MGT system in 

pig l iver has recently been reported. Thus, pig l iver 

contains a sialyltransferase with a specif icity different 

from that of the enzyme acting on GlcNAc- Asn-type prosthe

t i c groups. This sialyltransferase acts on the Ser(Thr)-

GalNAc-type prosthetic groups of certain glycoproteins. 

It is nevertheless very likely that many different 

glycoproteins share a common MGT system within the l iver 

ce l l . Thus, for example, fucosyltransferase and s i a l y l -

transferase probably compete for Gal-β-(l 4) -GlcNAc termini 

on a variety of different glycoproteins and it is not known 

how the s i a l i c acid to fucose ra t io is varied from one 

glycoprotein to another. Nor is it clear what mechanism 

controls the variations in linkage of s ia l ic acid to galac-
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tose (2 2, 2 3, 2 4, and 2 6 ) . A sepa ra t e membrane assembly 

l i n e for each glycoprotein would be one poss ib l e control 

mechanism; the MGT system of each assembly l i n e would then 

be s p e c i a l l y t a i l o r e d for the syn thes i s of a p a r t i c u l a r 

g lycoprote in p r o s t h e t i c group. In such a model, the same 

g lycosy l t r ans fe rases may be p r e s e n t on many d i f f e r e n t 

assembly l i n e s but the assembly l i n e s would d i f f e r in the 

r e l a t i v e concent ra t ions of var ious t r a n s f e r a s e s and in t h e i r 

physical arrangement along the membrane. 

The synthes i s of submaxil lary mucin is an i n t e r e s t i n g 

example of how two types of g lycopro te ins are produced on 

the same assembly l i n e . Ovine submaxil lary mucin (OSM) 

c a r r i e s predominantly a d i sacchar ide s ide chain p r o s t h e t i c 

group, NANA-GalNAc ( p p . 111-112). Porcine submaxil lary 

mucin (PSM) has a more complex s t r u c t u r e comprising the 

NANA-GalNAc disaccharide, to the GalNAc moiety of which are 

a t tached res idues of ga l ac to se , L-fucose and, in ce r t a in 

animals, N-acetylgalactosamine. Ovine submaxil lary glands 

synthes ize predominantly OSM-type mucin but a l so make a 

small amount of PSM-type mucin; porc ine glands make a 

spectrum of compounds between the OSM-type mucin and the 

complete PSM-type mucin. A study of the g lycosy l t r ans fe rases 

involved in t h i s process has suggested the probable control 
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mechanism. The key enzyme is t h e ga lactosy l t r a n s f e r a s e 

which i n c o r p o r a t e s ga lactose i n t o terminal p e p t i d e - l i n k e d 

N-acety lga lactosamine, provided the l a t t e r i s n o t s u b s t i t u t e d 

b y s i a l i c acid; i n o t h e r words, the i n c o r p o r a t i o n o f s i a l i c 

ac id prevents fur ther i n c o r p o r a t i o n of g a l a c t o s e . Ovine 

submaxi l lary glands have r e l a t i v e l y high l e v e l s o£ the s i a l y l -

t r a n s f e r a s e and low leve ls of t h e g a l a c t o s y l t r a n s f e r a s e , 

whereas the reverse i s found in porcine submaxi l lary g l a n d s . 

Thus ovine glands make predominantly OSM-type mucin b e c a u s e 

s i a l i c ac id i s i n c o r p o r a t e d i n t o the growing mucin more 

r e a d i l y than g a l a c t o s e . The reverse i s t r u e in p o r c i n e 

glands al lowing synthes i s of the more complex PSM-type m u c i n . 

SPECIFICATION OF ANOMERY 

In sugar n u c l e o t i d e s , t h e g l y c o s i d i c l i n k a g e with 

D-sugars is always of the a-anomeric c o n f i g u r a t i o n , w h i l e 

with L-sugars ( e . g . L-fucose) i t i s 6 . However, in g l y c o 

p r o t e i n s , as in o ther sugar conta in ing compounds, β-D and 

a-L l i n k a g e s a r e also found. A case in p o i n t is mannose, 

d e r i v e d from the a- l inked GDP-Man, which as we have seen 

occurs in g lycoprote ins both as a and as β l i n k e d . 

How are the two d i f f e r e n t types of l inkages formed 

from t h e same sugar n u c l e o t i d e ? Following a p r o p o s a l made 
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by D. E. Koshland o v e r 20 y e a r s a g o , we assume t h a t i n v e r s i o n 

of configuration, leading to the formation of a β-D-linkage, 

proceeds by a "single displacement mechanism". In such a 

reaction, the acceptor combines direct ly with the donor. 

Retention of configuration is the resul t of a "double dis

placement mechanism", in which a covalent enzyme-bound 

intermediate is formed. 

In the covalent enzyme-substrate intermediate formed, the 

configuration of the anomeric linkage has been inverted. 

Subsequently, the acceptor reacts with the sugar linked to 

the enzyme, with a second inversion of configuration. Al

though no direct evidence for such a mechanism is available 

for reactions in which sugar nucleotides part icipate, coval-
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ently linked intermediates have been isolated in other 

reactions, where configuration of an anomeric bond is 

retained (e.g. with sucrose phosphorylase). Studies on the 

mechanism of action of lysozyme have, however, raised the 

possibi l i ty that retention of configuration may resu l t even 

without formation of a covalent enzyme intermediate. 

The above mechanisms are probably operating in the 

synthesis of other sugar polymers, e.g. glycogen (a-linked) 

and cellulose (β-linked), both of which are formed from 

a-linked sugar nucleotides: the former from UDP-Glc, the 

l a t t e r from GDP-Glc (or UDP-Glc as well) (4). 

FEEDBACK CONTROL MECHANISMS IN GLYCOPROTEIN 
BIOSYNTHESIS 

Two feedback c o n t r o l s have been demonstrated in t h e 

metabolic sequence leading to t h e formation of UDP-GlcNAc 

and of CMP-NANA, t h a t serve as precursors for the b i o s y n 

t h e s i s of g l y c o p r o t e i n s (Al) ( F i g . 4 0 ) . Formation of 

UDP-GlcNAc i s c o n t r o l l e d at the l e v e l of the r e a c t i o n l e a d 

ing to the s y n t h e s i s of glucosamine-6-phosphate from 

fructose-6-P, since formation of the l a t t e r intermediate 

is common to many metabolic pathways. 

Regulation of CMP-NANA levels and thus of g lycoprote in 
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Figure 40 Pathways of b i o s y n t h e s i s of UDP-N-acetylglucos-
amine and CMP-N-acetylneuraminic acid in l i v e r . 
The shor t dark arrow denotes the s i t e of entry 
of i n j ec t ed glucosamine. The long dark arrows 
i nd i ca t e s i t e s of feedback i n h i b i t i o n (from Al) 

l ead -

b iosyn thes i s , is poss ib le by a feedback mechanism which con

s i s t s of i n h i b i t i o n of the enzyme UDP-GlcNAc 2-epimerase by 

the above nuc leo t ide sugar . This enzyme which catalyzes the 

formation of N - acetylmannosamine is t h e f i r s t tha t is spec

i f i c to the sequence of r e a c t i o n s l ead ing to the formation 

of CMP-NANA. 

ROLE OF LIPID LINKED INTERMEDIATES 

The mechanism of g lycopro te in syn thes i s j u s t discussed 

envisages the successive d i r e c t t r a n s f e r of monosaccharides 
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from corresponding sugar nucleot ides to the growing o l i g o 

saccharide chain and, u n t i l very r e c e n t l y , was b e l i e v e d to 

be the only one operat ing in p lan ts and an imals . However, 

recent work from the laboratory of L .F .Le lo i r , as we l l as from 

other l a b o r a t o r i e s , including those of E. C. Hea th , J . L . S t r o -

minger and R. W. Jeanloz, provides evidence t h a t a mechanism 

analogous to t h a t involved in the syn thes i s of p o l y s a c c h a r 

ides i n b a c t e r i a , i . e . via glycosylated l i p i d i n t e r m e d i a t e s , 

may be functioning in p lants and animals as we l l ( 5 ) . 

The t r a n s f e r of sugars from sugar n u c l e o t i d e s to 

l i p i d acceptors in mammalian systems is now a w e l l e s t a b 

l i s h e d f a c t . Beyond th i s f ac t , however, many q u e s t i o n s s t i l l 

remain open. What is the chemical s t r u c t u r e of t h e l i p i d 

acceptor? What is the mechanism of the t r a n s f e r r e a c t i o n 

and what are i t s products? What is the n a t u r e of the u l t i 

mate recep tor for the l ipid-bound sugar? 

The na tu re of the l i p i d has not ye t been c o n c l u s i v e l y 

e s t a b l i s h e d , but i t i s general ly be l ieved to be d o l i c h o l 

phosphate. Dolichol is the name of a family of p o l y p r e n o l s 

containing from 17 to 22 isoprene u n i t s , common to many 

mammalian t i s s u e s . 
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This conclusion was originally based on the fact that 

the acceptor l ip id for glucose isolated from pig liver could 

be replaced by authentic dolichol phosphate, with which it 

was chromatographically ident ical . Subsequently, the u t i l 

ization of exogenous dolichol phosphate as acceptor l ipid 

has been confirmed in a number of other mammalian systems. 

Recently, the nature of the l ip id has been determined by 

direct analysis of the endogenous acceptor. It was found to 

be a dihydropolyisoprenol, containing at least 18 isoprene 

uni ts , one of which is saturated, and is thus a form of 

dolichol. It is not yet clear whether the same lipid or 

dis t inct members of a family of isoprenoid lipids function 

as carriers for different sugars. 

The sugars that have been shown to part icipate in 

the transfer reaction to l ipid are mannose, N-acetylgluco

samine and glucose. Two types of linkages were found 

between the sugar and the l ip id moiety. Whereas N-acetyl-

glucosamine is transferred from UDP-GlcNAc as GlcNAc-1-P to 

give dolichol-PP-GlcNAc, both glucose and mannose are trans

ferred from their respective nucleotides without phosphate 

to give dolichol-P-glucose and dolichol-P-mannose, respect

ively. In addition to the products described above, incu

bation of rat l iver microsomes with UDP-GlcNAc as donor gave 
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dol ichol -PP-N , N 1 - d i a c e t y l c h i t o b i o s e , w h i l e UDP-Glc and 

GDP-Man gave p roduc t s i d e n t i f i e d as d o l i c h o l - P P - o l i g o s a c h a -

r i d e s . 

S i m i l a r f i n d i n g s have been r e p o r t e d w i t h o t h e r s y s 

tems t h a t s y n t h e s i z e g l y c o p r o t e i n s , such as mouse myeloma 

tumor (A2), human lymphocytes (A3) and c a l f p a n c r e a s (A4) . 

On the b a s i s o f a v a i l a b l e r e s u l t s i t seems p r o b a b l y t h a t 

t h e fol lowing r e a c t i o n sequence may t a k e p l a c e (A5) : 

UDP-GlcNAc + d o l i c h o l - P dol ichol-PP-GlcNAc + UDP (a ] 

UDP-GlcNAc + dolichol-PP-GlcNAc 
dol ichol -PP-(GlcNAc) 2

 + UDP (b) 

GDP-Man and /o r dol ichol-P-Man + d o l i c h o l - P P - ( G l cNAc)2 

dol ichol -PP-(GlcNAc) 2 (Man) x (mannosyla ted 
endogenous a c c e p t o r ) (c ) 

d o l i c h o l - P - G l c + do l i cho l -PP- (GlcNAc) 2 (Man) x 

do l i cho l -PP- (GlcNAc) 2 (Man) x (Glc ) 2 ( g l u c o s y l a t e d 
endogenous a c c e p t o r ) (d) 

where (Man)x s t ands f o r mannose o l i g o s a c c h a r i d e s r a n g i n g 

from 3 to about 16 u n i t s . However, i t cannot be e x c l u d e d 

t h a t o t h e r sugars b e s i d e s mannose a re p r e s e n t . 

T rans f e r o f mannose t o d o l i c h o l - P P - ( G l c N A c ) 2 ( s t e p c ) 

t o form mannosylated endogenous a c c e p t o r t a k e s p l a c e e i t h e r 

wi th GDP-Man or dol ichol-P-Man as donor s . One p o s s i b i l i t y 

i s t h a t dol ichol-P-Man i s a n e c e s s a r y i n t e r m e d i a t e i n t h e 

t r a n s f e r from GDP-Man; t h e o t h e r i s t h a t bo th compounds can 
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a c t i n d e p e n d e n t l y as d o n o r s . 

The o l i g o s a c c h a r i d e moie ty of m a n n o s y l a t e d endogenous 

a c c e p t o r was t r a n s f e r r e d to a h i g h m o l e c u l a r weight a c c e p t o r 

which showed many c h a r a c t e r i s t i c s of a p r o t e i n . The d e t a i l e d 

n a t u r e o f t h e a c c e p t o r has n o t y e t been e s t a b l i s h e d . 

Some c o n s i d e r a t i o n of t h e anomeric c o n f i g u r a t i o n of 

the compounds i n v o l v e d i s o f i n t e r e s t . The s u g a r n u c l e o t i d e s 

UDP-Glc, UDP-GlcNAc and GDP-Man a r e a l l a - l i n k e d , whereas 

dol ichol-P-Man is β - l i n k e d (A6) . It may be assumed t h a t t h e 

t r a n s f e r o f t h e s u g a r moiety from t h e d o l i c h o l p h o s p h a t e s u g a r 

occurs e i t h e r w i t h r e t e n t i o n o r wi th i n v e r s i o n o f c o n f i g u r a t i o n , 

a s i s t h e c a s e f o r s u g a r n u c l e o t i d e s i n g e n e r a l . T r a n s f e r o f 

N - a c e t y l g l u c o s a m i n e (from d o l i c h o l - P P - G l c N A c , in which t h e 

sugar i s presumably a - l i n k e d ) t o form, f o r example, t h e 

GlcNAc-β-(l 4)-GlcNAc s e q u e n c e , and a t t a c h m e n t o f t h e b u l k o f 

t h e mannose r e s i d u e s t h a t a r e a - l i n k e d w i l l p r o c e e d w i t h i n v e r 

s ion of c o n f i g u r a t i o n . The s i n g l e 3 - l i n k e d mannose r e s i d u e , 

found in t h e c o r e r e g i o n of t h e c a r b o h y d r a t e u n i t s o f many g l y 

c o p r o t e i n s , seems to o r i g i n a t e from GDP-Man (A7) and is a l s o 

formed w i t h i n v e r s i o n of c o n f i g u r a t i o n . Examples of r e t e n t i o n 

o f c o n f i g u r a t i o n i n t h e f o r m a t i o n o f l i p i d - l i n k e d o l i g o s a c c h a 

r i d e s have n o t been r e c o r d e d . 

The mannose o l i g o s a c c h a r i d e d e s c r i b e d above [ i . e . 

(GlcNAc)2(Man) x] has a s t r u c t u r e t h a t i s found i n t h e " c o r e " 
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of many glycoproteins. It is therefore of particular inter

est, that this moiety was transferred to a fraction that is 

most probably a protein. These results seem to indicate 

that the oligosaccharide moiety of a protein could be bui l t 

up in an intermediate compound prior to transfer to protein. 

It is s t i l l too early to try to integrate these 

findings into the accepted and well documented concept of 

glycoprotein synthesis by d i rec t stepwise transfer of sugars 

from nucleotides. Location of the l ip id in the membrane 

permits it to mediate the transfer of low molecular weight 

hydrophylic compounds that serve as building blocks of 

macromolecules localized within or beyond the hydrophobic 

cell membrane. it has therefore been suggested that the 

lipid-mediated mechanism wi l l be found to operate in the 

synthesis of certain glycoproteins only (or of certain par ts 

of the oligosaccharide s ide chain) depending on the nature 

and future ce l lu lar dest inat ion of the glycoprotein. 

In this connection I cannot res is t the temptation to 

t e l l you that in a review on polysaccharides that I wrote in 

1965, just after the discovery of the l ipid-linked oligosac

charides that serve as intermediates in the biosynthesis of 

cell wall glycopeptides and of bacterial ce l l wall pepti-

doglycan and lipopolysaccharides, I said (6): 
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" S i m i l a r l i p i d - l i n k e d compounds may f u n c t i o n 
a s i n t e r m e d i a t e s i n t h e b i o s y n t h e s i s o f muco
p o l y s a c c h a r i d e s and the c a r b o h y d r a t e m o i e t i e s 
o f g l y c o p r o t e i n s . " 

REFERENCES 

Reviews 

1. The b i o s y n t h e s i s of animal g l y c o p r o t e i n s , 
H. S c h a c h t e r and L. Roden in Me tabo l i c Conjugat ion 
and Metabo l i c H y d r o l y s i s (Ed. W. H. Fishman) , V o l . 3 , 
Academic P r e s s , 19 73, p p . 1 - 1 4 9 . 

2 . B iochemis t ry of t h e r e n a l g l o m e r u l a r basement membrane 
and i t s a l t e r a t i o n s i n d i a b e t e s m e l l i t u s , 
R. G. S p i r o , New England J. Med. 288 , 1337-1342 (1973) . 

3. The s y n t h e s i s of complex c a r b o h y d r a t e s by m u l t i g l y c o -
s y l t r a n s f e r a s e sys tems and t h e i r p o t e n t i a l func t ion i n 
i n t e r c e l l u l a r a d h e s i o n , 
S. Roseman, Chem. Phys . L ip ids 5_, 270-297 (1970) . 

A classic3 with many interesting ideas; 'highly 
x'e commended. 

4. B i o s y n t h e s i s o f o l i g o s a c c h a r i d e s and p o l y s a c c h a r i d e s 
i n p l a n t s , 
W. Z. H a s s i d , Sc ience 165 , 137-144 (1969) . 

Very readable and interesting article_, written by 
one of the pioneers in this field. 

5 . The r o l e o f l i p i d - l i n k e d a c t i v a t e d s u g a r s i n g l y c o s y l -
a t i o n r e a c t i o n s , 
W. J. Lennarz and M. G. Sche r , Bio e n e r g e t i c s 4_, 2 39-251 
(1973) . 

6 . P o l y s a c c h a r i d e s , 
N. Sharon, Ann. Rev. Biochem. 35_, 485-520 (1966) . 

S p e c i f i c a r t i c l e s 

Al. The feedback c o n t r o l of s u g a r n u c e l o t i d e b i o s y n t h e s i s 
i n l i v e r , 
S. Kornfe ld , R. Korn fe ld , E. F. Neufeld and P. J. 
O 'Br ien , P r o c . Na t . Acad. S c i . USA 52 , 371-379 (1964) . 



176 COMPLEX CARBOHYDRATES 

A2. The r o l e of a d o l i c h o l - o l i g o s a c c h a r i d e as an i n t e r m e d 
i a t e i n g l y c o p r o t e i n b i o s y n t h e s i s , 
A. F. Hsu, J. W. Baynes and E. C. H e a t h , P r o c . N a t . 
Acad. S c i . USA 7 1 , 2391-2395 (1974) . 

A3. Transfer of sugars from n u c l e o s i d e d iphosphosugar 
compounds to endogenous and s y n t h e t i c d o l i c h y l 
phosphate in human lymphocytes, 
J. F. Wedgwood, J. L. Strominger and C. D. Warren, 
J. B i o l . Chem. 249, 6316-6324 (1974) . 

A4. Mannosyl transferase a c t i v i t y in c a l f p a n c r e a s 
microsomes. Formation from guanosine d i p h o s p h a t e -
D-[ 1 4 C] mannose of a l 4 C - l a b e l e d mannol ip id w i t h 
p r o p e r t i e s o f d o l i c h y l mannopyranosyl p h o s p h a t e , 
J. S. Tkacz, A. H e r s c o v i c s , C. D. Warren and R. W. 
J e a n l o z , J. B i o l . Chem. 249, 6372-6381 ( 1 9 7 4 ) . 

A5. Formation of l i p i d - b o u n d o l i g o s a c c h a r i d e s c o n t a i n i n g 
mannose. Their r o l e i n g l y c o p r o t e i n s y n t h e s i s , 
N. H. Behrens, H. C a r m i n a t t i , R. J. S t a n e l o n i , L. F. 
L e l o i r and A. I . C a n t a r e l l a , P r o c . N a t . Acad. S c i . 
USA 70, 3390-3394 (19 73). 

A6. Occurrence of a β-D-mannopyranosyl p h o s p h a t e r e s i d u e in 
t h e polyprenyl mannosyl p h o s p h a t e formed in c a l f p a n c r e a s 
microsomes and in human lymphocytes, 
A. Herscovics , C. D. Warren, R. W. J e a n l o z , J. F. Wedg
wood, I. Y. Liu and J. L. S t r o m i n g e r , FEBS L e t t e r s 4 5 , 
312-317 (1974). 

A7. Mannose t r a n s f e r to l i p i d l i n k e d d i - i V - a c e t y l c h i t o b i o s e , 
J. A. Levy, H. C a r m i n a t t i , A. I. C a n t a r e l l a , N. H. 
Behrens, L. F. L e l o i r and E. Tabora, Biochem. Biophys . 
Res. Commun. 60, 118-125 (1974) . 



10 

FUNCTIONS OF THE CARBOHYDRATE - I 

Until very recent ly the ro le of carbohydrate moieties 

in glycoproteins was almost completely unknown. With the 

rapid advances in our knowledge of the d i s t r i b u t i o n , s t ruc 

ture and metabolism of the saccharide uni ts in glycoproteins, 

th i s role is slowly being elucidated (1) . There is now an 

increasing number of glycoproteins for which we have good 

evidence or reasonable and sound proposals Tor the function 

of the sugar in t h e i r molecule. In many more cases it is 

becoming c l ea r to us what proper t ies the sugar res idues , in 

p a r t i c u l a r the per ipheral ones, impart to the i n t a c t glyco

protein molecule, and what changes the glycoprotein undergoes 

upon removal, of these moieties. For most glycoproteins , 

however, the ro le of the carbohydrate un i t s is s t i l l a 

subject for specula t ion. 
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At a meeting on g l y c o p r o t e i n s in l i l l e in June 1973, 

S c h a c h t c r proposed a c l a s s i f i c a t i o n of t h e funct ions of 

p r o t e i n - b o u n d ca rbohydra t e . I t i s convenient to use t h i s 

c l a s s i f i c a t i o n as a framework for our d i s c u s s i o n . 

POSTULATE]) FUNCTIONS OF PROTE IN BOUND CARBOHYDRATES 

(A) Physico-chemical p r o p c r t i e s of the g l y c o p r o t e i n , e . g . 
the v i s c o s i t y of mucin 

(b) Molecu m e m b r a n e I n t e r a c t i o n s : 
( a ) S e c r e t i o n 
(b) Clearance of g l y c o p r o t e i n s from plasma 
(c) Reaction of the c e l l su r f ace with v i r u s e s , b lood 

group a n t i s e ra and l e c t i n s 

(C.) Membrane-membrane i n t e r a c t i o n s : 
(a) S e c r e t i o n 
(b) D i f f e r e n t i a t i o n and growth 
(c) Contact i n h i b i t i o n 
(d) Adhesion and agg rega t ion oi: c e l l s 
(e) Segrega t ion o f c e l l s w i t h i n the organism, e . g . the 

homing of lymphocytes 
(f) Cane to r e c o g n i t i o n 

(A) PHYSICO-CHEMICAL PROPERTIES OP THt: GLYCOPROTEIN. As 

ment ioned in an e a r l i e r l e c t u r e (p . 4 8 ) , a t t achment of 

s u g a r s t o p r o t e i n s i s known to i n c r e a s e the s o l u b i l i t y o f 

t he l a t t e r . There a r e , however, o t h e r more remarkab le 

e f f e c t s of sugars on the phys ico-chemical p r o p e r t i e s of 

g l y c o p r o t e i n s . 

Acy lneu rac in i c ac id s i n g l y c o p r o t e i n s a re p a r t l y r e s 

p o n s i b l e for the high v i s c o s i t y o f muci laginous s e c r e t i o n s 

http://propcrti.es


CARBOHYDRATE FUNCTIONS 179 

o f t h e r e s p i r a t o r y t r a c t , the u r o g e n i t a l t r a c t a n d the eye 

.socket. Because of t h e i r low pK v a l u e s , t h e i r ca rboxy l 

groups a r c f u l l y d i s s o c i a t e d a t p h y s i o l o g i c a l pH v a l u e s . 

The high d e n s i t y of the n e g a t i v e l y cha rged ca rboxy l g roup 

thus p r e s e n t 0:1 each mucin m o l e c u l e , impar ts to t he se mole

cules an ex tended rod-1 i k e s t r u c t u r e . Th i s r o d - l i k e charged 

polyel e c t r o i y t e s t r u c t u r e i s r e s p o n s i b l e for tiie very high 

v i s c o s i t y o f t i ie aqueous s o l u t i o n s o f s i a l i c a c i d - r i c h 

g l y c o p r o t e i n s . Indeed, i f we remove s i a l i c a c i d .from m u c i n s 

- e i t h e r enzymica l ly o r by mild a c i d h y d r o l y s i s , t h e i r 

v i s c o s i t y wi11 drop very markedly . 

Muci lag inous g l y c o p r o t e i n s o l u t i o n s a r e v i t a l for 

a n i r . a l s . They a c t as l u b r i c a n t s for the r o t a t i o n of 

the e y e b a l l , p r e v e n t the cornea from d r y i n g out and 

pro tec t i t a g a i n s t damage by g r a i n s of d u s t . In the ora l 

c a v i t y and in t h e g a s t r o i n t e s t i n a l t r a c t t hey enve lop foods, 

so making thorn s l i p p e r y and p r o t e c t i n g t h e t e n d e r mucous 

membranes from mechanical damage. F u r t h e r more, mucins p r o t 

e c t the g a s t r o i n t e s t i n a l t r a c t from chemica l a g e n t s , such 

as stomach a c i d and d i g e s t i v e enzymes. In t h i s way neuram

i n i c ac id i s b e l i e v e d t o oppose t h e format ion o f u l c e r s . The 

l a y e r of mucin t h a t i s c o n t i n u o u s l y t r a n s p o r t e d outward 0n 

the e p i t h e l i u m o f the r e s p i r a t o r y p a s s a g e s p r o v i d e s m o i s t u r e 



for the incoming a i r , t raps bacter ia and other airborne 

impurit ies, some of which may be corros ive , and thus keeps 

the Lung s t e r i l e . Similar ly, a very viscous plug of mucin 

in the cervical canal of the uterus keeps b a c t e r i a out: of 

the uterine cavity and hence out of the abdominal c av i t y . 

Most in teres t ingly , t h i s viscous b a r r i e r is lowered, by a 

mechanism not well understood, only at the time of ovula t ion 

to adait spermatozoa. Glycoproteins r ich in neuraminic ac id 

that are secreted by mucous glands of the vagina are import

ant to reproduction in that they f a c i l i t a t e both co i tus and 

chiildbirth. 

Negatively charged acylneuraminic acid residues appear 

to impart a certain physical s trength to cell membranes 

because of the i r mutual repulsion, and influence the mutual 

adhesion of cel ls i.n organ s t r u c t u r e . Neuraminic acid 

present on the surface of blood p l a t e l e t s prevents t h e i r 

spontaneous clumping, and so opposes any undesirable form

ation of blood c lo t s . 

S ia l i c acid is not the only sugar which markedly 

affects the conformation of glycoproteins . According to 

11. Marshall, the major role of the carbohydrate moiet ies 

of some glycoproteins might be to a s s i s t in the maintenance 

of a specif ic t e r t i a r y s t ruc tu r e . In t h i s connection L 
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would l i k e to ment ion t h e s t u d i e s o f J . H. P a z u r and h i s 

coworkers (AL) on t h e r o l e of t h e c a r b o h y d r a t e m o i e t i e s in 

g l u c a m y l a s e I from Aspergillus niger. T h i s enzyme has a 

m o l e c u l a r w e i g h t of a p p r o x i m a t e l y 110,000 and c o n t a i n s 15% 

s u g a r by w e i g h t . Its s a c c h a r i d e s i d e cha ins a r e l i n k e d by 

O - g l y e o s i d i c bonds to a p p r o x i m a t e l y 45 s e r i n e and t h r e o n i n e 

r e s i d u e s o f t h e p o l y p e p t i d e backbone. I t was found that, 

e x t e n s i v e o x i d a t i o n b y p c r i o d a t e o f t h e c a r b o h y d r a t e r e s i d u e s 

i n t h e enzyme m a r k e d l y reduced i t s s t a b i l i t y upon s t o r a g e i n 

t h e c o l d . I t was s u g g e s t e d t h a t by s t a b i l i z i n g the t r i - d i m e n -

s i o n a l s t r u c t u r e o f the g l y c o p r o t e i n , the carbohydra te moiet

i e s a l s o a f f e c t t h e c a t a l y t i c p r o p e r t i e s o f the molecule . 

Let me a l s o remind you t h a t in that a n t i - . f r e e z e 

g l y c o p r o t e i n s ( p . 3 9 ) t h e c a r b o h y d r a t e m o i e t y i s e s s e n t i a l 

for a c t i v i t y . Thus, a c t i v i t y i s a b o l i s h e d upon p e r i o d a t e 

o x i d a t i o n o r removal o f t h e s a c c h a r i d e s i d e chains ( e . g . b y 

a l k a l i ) or upon a c e t y l a t i o n of one-fourth, of t h e hydroxyl 

groups of t h e c a r b o h y d r a t e (A2). 

We s h o u l d , however, remember t h a t wi th o t h e r g l y c o 

p r o t e i n s t h e r e i s e v i d e n c e t h a t t h e c a r b o h y d r a t e i s not 

i n v o l v e d in the b i o l o g i c a l a c t i v i t y . I have a l r e a d y men

t i o n e d s e v e r a l t i m e s t h a t r i b o n u c l e a s e β has t h e same 

e n z y n i c a c t i v i t y a s i t s c a r b o h y d r a t e - f r e e c o u n t e r p a r t , 
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ribonuclease A. Work in our l abora tory has very r e c e n t l y 

demonstrated (A3) that integr i ty of the carbohydrate chain 

is not required for nonagglutinating and mitogenic a c t i v i t i e s 

of soybean agglutinin: five out of the nine mannose residues 

attached to each sub unit of th i s glycoprotein could be oxid

ized with periodate without a ffecting the above mentioned 

biological. act iv i t ies of- soybean agglutinin. Also, the 

biological activity of interferon appears to be unaffected 

by the removal of s i a l i c acid (A4) . 

Stabi l i ty to proteolyt ic enzymes is not s t r i c t l y a 

physical property; s t i l l it is important to keep in n-.ind the 

many examples in which sugars are known to protect glycopro

teins against proteolytic at tack. Thus, α1-acid glycoprotein 

is not attacked by trypsin, but becomes susceptible to this 

enzyme after removal of s i a l i c acid. N-Acetylneuraninic acid 

protects the " i n t r i n s i c factor", a glycoprotein which binds 

B12 in the stomach, against the action of proteolytic enzymes. 

Other examples of th i s type are also known. 

(B) SUGARS AND The INTERACTION BETWEEN MACROMOLECULES AND 

MEMBRANES. A number of very important b i o l o g i c a l phenomena 

are the resu l t of interactions of molecules with cel l s , in 

which carbohydrate moieties of glycoproteins are known to 

play a crucial role. The first, of these to be recognized 



is the influenza v i rus hemagglutination phenomenon (p. 2 8 ) . 

Much of OUT knowledge of th i s phenomenon i.s based on s tudios 

of the a b i l i t y of various g lycoprote ins to .inhibit hemagg

l u t i n a t i o n by influenza v i r u s . This a c t i v i t y is completely 

abolished upon treatment of the i n h i b i t o r y glycoprotein 

with neuraminidase. However, i n h i b i t o r y activity is affected 

by factors o t h e r than the presence of s i a l i c acid. Thus, 

-acid g lycoprote in, containing 12% neuraminic acid, is 

only a weak i n h i b i t o r in comparison with the urinary Tamm 

and Hors fa l l . g lycoprotein which contain s 1% neuraminic ac id . 

The i n h i b i t o r y a c t i v i t y is also a f fected by molecular s i z e , 

since for example with α-acid g l y c o p r o t e i n , it has been 

found to increase a f t e r polymerizat ion. 

In order to be s e c r e t e d , a p r o t e i n synthesized in 

the cel l must pass through the c e l l membrane. In 1966, 

E. EyLar of t h e Univers i ty of Southern Cal i forn ia proposed 

a. general r o l e for sugars in g l y c o p r o t e i n s , t h a t of pass-

port for t r a n s p o r t " (2) . This proposal was based on a survey 

of published data on the coir.posi t i o n of over .100 proteins and 

g lycoprote ins , in which Lylar noted t h a t most e x t r a c e l l u l a r 

proteins were g lycosy lated, whereas i n t r a c e l l u l a r ones were 

not, leading to the conclusion t h a t the attachment of sugars 

represented a recognit ion s ignal to enable the cell to 
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segragate jn t race l lu la r and extracellular p ro t e in s . 

This conclusion is no longer acceptable, in p a r t i c u l a r 

since it is clear that many secre t ions contain high. propor

t ions of non-glycosylated prote ins . An extreme example is 

bovine pancreat ic j u i c e , in which only 4.7% of protein is in 

the form of glycoproteins (Fig. 3, p. 35). We should, however, 

keep in mind the p o s s i b i l i t y tha t secre ted non-glycosylated 

proteins were synthesized as glycoproteins and have .lost t h e i r 

carbohydrate side chain when transported out of the cell . 

The recent discovery of a disease in which collagen 

- normally a glycoprotein - is produced and secre ted without 

any sugar attached to i t , casts fur ther doubt or. E y l a r ' s 

proposal, and makes i.t necessary for us to revise our bas ic 

concepts regarding how ce l l s synthesize and secre te the 

prote ins found in the e x t r a c e l l u l a r spaces of the body (A5) . 

The collagen in the skin of two s i s t e r s a f f l i c t e d with the 

disease was found to be def ic ient in hydroxylysine, and as 

a r e s u l t no sugar could be at tached to the collagen. The 

defect is almost cer ta in ly a deficiency of the enzyme tha t 

hydroxylates the lysine residues in protocol lagen. If such 

a collagen could not be secre ted, the p a t i e n t could not. have 

survived fetal l i f e , since the s t r u c t u r a l s t rength of .skin 

and a l l other non-mineralised connective t i s s u e s depends 

184 



almost e n t i r e l y on e x t r a c e l l u l a r collagen f i b e r s . 

This finiding has caused much concern and effor ts 

have been made to determine the exact amount of hydroxylysine 

in the skin collagen in the p a t i e n t s . It was found that 

t h e i r skin was not e n t i r e l y f ree of hydroxylysine but con

tained about 0.2 residues per polypeptide chain. The c o l l 

agen molecule contains t h r ee polypeptide chains, but the 

value of 0.2 per chain i nd i ca t e s tha t on the average each 

molecule would contain l ess than one res idue of hydroxylysine. 

There are t echn ica l problems in assaying hydroxylysine at 

th is low level , but if the values are accura te , we are l e f t 

with only two a l t e r n a t i v e s . One is to say tha t the ce l l s 

synthes iz ing collagen in most t i s sues in the two p a t i e n t s arc-

a l t e r e d somehow so t ha t they can sec re te a kind of collagen 

tha t normal c e l l s cannot s e c r e t e . The o ther is to conclude 

that we have gone as t ray in our basic concepts of how c e l l s 

synthesize and s e c r e t e col lagen. If the concept of a 

sugar- tag is wrong for col lagen, it may a l so he wrong for 

other e x t r a c e l l u l a r p r o t e i n s , and the process by which c e i l s 

synthesize p ro t e in s for export is even more T.ystcrious than 

it now seems. 

In d i scuss ing the e f fec t of saccharide moieties on 

molecule-membrane i n t e r a c t i o n , i t is worthwhile to consider 
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the immunological p rope r t i e s of g lycopro te ins . It has been 

noted t h a t when animals are immunized with a glycoprotein 

such as Fetuin, the e l i c i t e d immune response is predominantly 

d i rec ted at the protein por t ion of the molecule and not at 

the carbohydrate moiety (A6) . Inves t iga t ion of the immuno-

genic i ty of glycopeptides derived from human immunoglobulins 

have showr. tha t they are very poor ant igens (A7) and it was 

concluded that they con t r ibu te L i t t l e to the an t igen ic 

determinants of the parent molecule. A study of chicken 

ovalbumin fa i led to reveal any evidence for the formation 

of carbohydra te-speci f ic ant ibodies to t h i s glycoprotein (A8). 

The d i f f i c u l t y in r a i s i n g ant ibodies to sugar por t ions 

of glycoproteins may be due to the obvious s i m i l a r i t i e s in 

many of the carbohydrate s t r u c t u r e s appearing in otherwise 

unre la ted sorun g lycopro te ins , such as f e t u i n , thyroglobul in , 

l.g molecules of d i f fe ren t c l a s s e s , or ce l l surface glyco-

pept ides including the h i s t o c o m p a t i b i l i t y a n t i g e n s . Their 

s i m i l a r i t i e s nay have rendered animals t o l e r a n t to these 

s t r u c t u r e s , which would be recognizable as " s e l f an t igens . 

In cont ras t to most g lycop ro t e in s , the A,B,H(0) blood 

group substances are good an t igens , the an t ibodies formed 

being spec i f i c for t h e i r carbohydrate moie t ies . As is well 

known, most of us carry the n a t u r a l antibody aga ins t the 



A, B or AB blood type determinants which are sugar spec i f i c . 

Another example of a glycoprotein where the sugar appears to 

be involved in immunological s p e c i f i c i t y is the glomerular 

basement membrane. Anti-glomerular basement membrane 

au to -an t ibod ies play an important role in the pathogenesis 

of some cases of human glomerule n e p h r i t i s . However, until 

r e c e n t l y , the chemical s t r u c t u r e of basement membrane 

an t igens respons ib le for t h i s auto-immunization was a. matter 

of cont roversy . It has now been shown (:\9j t ha t the major 

a n t i g e n i c determinant of the glomerular basement membrane 

is a glycopept ide containing the disacchar ide Glc-Gal. The 

glycopeptide was i s o l a t e d from a p r o t e o l y t i c digest of the 

glomerular basement membrane and i t s amino acid sequence 

e s t a b l i s h e d as Hyl -Gly-Glu-Asp-Gly. The disaccharide p ros 

t h e t i c group is l inked to the hydroxylysine residues of the 

pep t ide chain. The immunodonant an t igen ic s i t e is formed 

by t h e Gal -Hyl u n i t . 

In pass ing , l e t us not forget tha t many "pure1" poly

sacchar ides ( e . g . the dextrans and the pneumococcal polysac

char ides] are good an t igens . 

Recent work has shown tha t receptors in te rac t ing 

with mitogenic reagents such as l e c t i n s and sodium periodate 

to induce lymphocyte t ransformation, and in some cases immu-



n o g l o b u l i n s e c r e t i o n , have s t r u c t u r e s resembl ing the c a r b o 

h y d r a t e s i d e cha ins o f c e r t a i n g l y c o p r o t e i n s . Another b ip -

o r t a r . t phenor.enon which f a l l s under t h e heading n o l c c u l e -

membrane i n t e r a c t i o n i s t h e c l e a r a n c e of g l y c o p r o t e i n s from 

plasma. Both those phenomena w i l l be the s u b j e c t of t h e 

fo l lowi ng l e c t u r e . 

(C) CARBOHYDRATES IN MEMBRANE-MEMBRANE INTERACTIONS A 

number of o b s e r v a t i o n s have i m p l i c a t e d su r face membranes, 

and more s p e c i f i c a l l y the g l y c o p r o t e i n s o r g l y c o l i p i d s o f 

t he c e l l s u r f a c e , i n the r e g u l a t i o n o f b i o l o g i c a l phenomena. 

In . the f i r s t l e c t u r e I a l r e a d y t o l d you (pp. 28-29) that the 

f a t e of lymphocytes in c i r c u l a t i o n is g r e a t l y a f f e c t e d by 

removal of L- fucose from t h e i r s u r f a c e . I t has a l so been 

shown t h a t c e r t a i n monosacchar ides , e . g . L-fucoso and mannose, 

when added to c u l t u r e s of f i b r o b l a s t s , a re ab le to b r i n g 

about phenomena r e sembl ing c o n t a c t i n h i b i t i o n o f m i t o s i s . 

There is s u g g e s t i v e ev idence t h a t ca rbohydra te s may be 

i nvo lved in morphogenesis (AID): t e ra toma c e l l s when grown 

s i n g l y w i l l not a g g r e g a t e un le s s g lu tami .no (a p r e c u r s o r of g lu 

cosamine) , glucosamine or mannosamine is added to the medium. 

Changes in suga r s on c e l l s u r f a c e s occur when normal 

c e l l s are t rans formed i n t o mal ignan t ones ( 3 , 4 ) . Such 

t r ans fo rma t ion a l s o r e s u l t s i n l o s s o f con tac t i n h i b i t i o n , 
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and t h i s has been taken as evidence For the involvement of 

sugars in cellular recognit ion and I n t e r c e l l u l a r communica

t ion. Tumor s p e c i f i c differences in cel1 surfaces can now 

be demonstrated through the use of l e c t i n s , s ince many 

l ec t i n s wil l agg lu t ina t e transformed c e l l s a t concentrations 

much lower than those required for the agglut inat ion of the 

normal, pa ren ta l c e l l s . 

The r e s u l t s of M. C. Click and I,. Warren at the 

University of Pennsyl vania, have revealed differences in the 

d i s t r i hut ion of fu cose-containing glycopep t ides af ter t r a n s 

formation by RNA or UNA viruses (5 ) . Thus f a r , a l l ce l l s 

examined a f t e r v i r a l transformation show a s imi l a r d i s t r i b u 

tion of g lycopept ides , which d i f fe r s from the d i s t r i bu t ion 

found in membranes obtained from the normal counterparts 

of these c e l l s . 

Sugars on c e l l surfaces vary also throughout the ce l l 

cycle: when a normal cell, is a r res ted in metaphase the 

d i s t r i b u t i o n of surface glycopeptides is more l i k e that from 

the surface of c e l l s transformed by oncogenic viruses than 

that from normal c e i l s . The exact r e la t ionsh ip of these 

f luc tua t ions to c o l l d ivis ion and v i r a l transformation is 

not understood and is being inves t iga ted . 

S. Roseman has proposed tha t . i n t e rce l lu l a r adhesions 

are a r e s u l t of mutual i n t e r a c t i o n s between ol igosaccharide 
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units in the membrane of one ce l l with g lycosy l t r ans fe rases 

present in the membrane of the adjacent c e l l s ( 6 ) . In t h i s 

mechanism, a glycosyl t ransferase on the surface of one ce l l 

may not only be involved in t he synthes is of sur face o l i go 

saccharides, but may also be able to bind to the appropriate 

saccharide acceptor on an adjacent c e l l . This process would 

r e su l t in the adherence of the two c e l l s ; the spec i f i c i t y of 

the mutual. adhesive recognition would depend on the high 

degree of s p e c i f i c i t y of the enzyme for the p a r t i c u l a r 

acceptor as well as for the donor mo lecu l e . According to 

the suggested mechanism, on t r a n s f e r of the appropr ia te 

saccharide residue from the sugar nuc leo t ide donor to the 

acceptor on the adjacent cell su r face , the enzyme-substrate 

complex d i s soc ia tes and the c e l l s s e p a r a t e . The t r ans fe rase 

acceptor model is p a r t i c u l a r l y a t t r a c t i v e because by comple

t ing a glycosyl t ransferase r e a c t i o n , and thus causing a 

smal1 change in surface chemistry, the c e l l s become detached. 

A mechanism of th i s type could explain a v a r i e t y of o ther 

surface phenomena, such as contact i n h i b i t i o n . Work aimed 

at providing evidence for or aga ins t t h i s mechanism is 

currently in progress in several Laborator ies . (See also 

pp. 160-161.) 
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FUNCTIONS OF THE CARBOHYDRATE: - 11 

SUGARS AND THE SURVIVAL OF GLYGOPROTEINS IN 
CIRCULATION 

One of the most. exci t ing developments in the study of 

glycoproteins has been the discovery of the role of carbo

hydrates on the clearance and survival of glycoproteins in 

c i r cu la t ing blood, and t h e i r uptake by the l i v e r (1). This 

work, done by G. Ashwell from the National I n s t i t u t e s of 

Health toge ther with A. Morell from Albert Einstein 

College of Medicine in New York, has led to the hypothesis 

that s i a l i c acid is e s s e n t i a l for the prolonged v i ab i l i t y 

of many, if not most plasma glycoproteins .in the c i rcu la t ion . 

Even p a r t i a l desialylat i .on r e s u l t s in prompt clearance of the 

modified p r o t e i n . Since the sequence NANA-Gal-GlcNAc is of 

very common occurrence in plasma glycoproteins , removal of 
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the terminal s i a l i c acid exposes the subterminal ga l ac tose . 

The exposed galactose appears to be a necessary (but not 

suf f ic ien t ) precondition for prompt ca tabol ism of glycopro

teins in plasma, It has further boon observed that for 

uptake op the catabolised prote ins by the l i ve r , the presence 

of i n t a c t s i a l i c acid residues on the receptor s.i tea of the 

hepat ic plasma membrane is an absolute requirement for the 

i n i t i a l binding react ion which in turn is a prelude to t r a n s 

port i n to the ce l l and to lysosomal catabo lism. 

As often happens, these important d iscover ies o r ig in 

ated from an unexpected observation made in 1.966, during 

studios on the b io logica l ro le of ceruloplusmin, a copper 

t ranspor t g lycoprotein found in scrum. For these s t u d i e s , 

ceruioplasmin was radioact ively label Jed at i t s ga lac tose 

rr.oietics in the following manner (F ig .41 ) : the terminal 

s i a l i c acid residues wore removed from ceruioplasmin by 

neuraminidase, unmasking the subterniinal ga lac tose r e s i d u e s ; 

the l a t t e r were oxidized by galactose oxidase, and the 

r e su l t an t aldehyde der iva t ive was reduced with t r i t i . a t e d 

borohydride. 

Very su rpr i s ing ly , when t h i s radioact ive a s i a loce ru -

loplasnin was in jec ted into r a b b i t s , the label disappeared 

rap id ly from c i r cu l a t i on ; 15 minutes a f t e r in ject ion less 



than 10% of as ia loceruloplasmin was present in the serum, 

in s t r i k i n g c o n t r a s t to nat ive ceruloplasimin, over 90% of 

which regained in c i r c u l a t i o n a f t e r the same period of time 

(Fig .42) . In o t h e r words, the h a l f - l i f e of ceruplasmin In 

rabbi ts dropped dramatical ly from 56 hours to 3-5 minutes 

when the s i a l i c acid had been removed from i t . The same 

r e s u l t was obtained i r r e s p e c t i v e of: whether human or rabbit 

ceruloplasmin was used. Experiments with other serum glyco

prote ins such as f o t u i n , α 2 -acid glycoprotein (Fig.42) find 

haptoglobin, have also shown t h a t s e l e c t i v e removal of 

s i a l i c acid from t h e i r carbohydrate s ide chains leads to a 



This was however, not t rue for a l l serum glycoprot

e ins , since removal of s i a l i c acid from t r a n s f e r r i n , which 

also possesses the sequence NANA-Gal-GlcNAc, did not lead to 

a marked decrease in i t s su rv iva l in c i r cu l a t ion (Fig.42) . 

Figure 42 Disappearance from r a b b i t serum, of rad ioac t ive ly 
l abe l led nat ive and modified glycoproteins . 
Redrawn from the data of Ashwell and Morel1 (1) . 



F u r t h e r s t u d i e s have shown that soon a f t e r t h e i r 

disappearance from the serum, e s s e n t i a l l y all the i n j e c t e d 

s i a l i c ac id- f ree g lycoprote ins were recovered i n t a c t from 

the Liver. It was also found t h a t subsequent to t h e i r 

attachment to the l i v e r plasma membrane, t h e a s i a l o g l y c o -

proteins were t r a n s f e r r e d to the lysosomes, where the f u l l 

machinery for the degradation of the pept ide and carbohydrate 

moieties of g lycoprote ins r e s i d e s . In rabbi t s from which the 

l i ver was taken out, asialoglycoproteins rexained for a pro

longed time :in c i r c u l a t i o n . 

The r a p i d removal from c i r c u l a t i o n of the a s ia iog ly-

coproteins was shown to depend on the presence of non-

reducing unmodified terminal galactose res idues on t h e i r 

molecules. If t h i s sugar, which had become exposed by the 

i n i t i a l neuraminidase t reatment , was oxidized by galactose 

oxidase or was taken off by β- alaetosidase d iges t ion, an 

almost complete r e s t o r a t i o n of the prolonged surv iva l time 

of the nat ive g lycoproteins was obtained ( F i g . 4 2 ] . These 

and other observations c l e a r l y show t h a t i n t a c t terminal 

galactose res idues are required cor recogni t ion by the 

plasma membrane of the l i v e r c e l l s . 

How many sialic ac id residues should be removed 

before the l i v e r w i l l recognize a d e f i c i e n t molecule? It 
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was found t h a t removal of only two out of t h e ten s i a l . i c 

a c i d r e s i d u e s p r e s e n t in a molecule of coruLoplasmin (MOL -

ocular weight about 130,000) will mark it for des t ruct ion . 

Moreover, using neuraminidases that dif fer in t h e i r specif

i c i t y for the pos i t ion of the N-acetylncuraminyl linkage, 

it was shown that it did not matter which two residues of 

s i a l i c acid were removed. Convincing proof that no other 

changes in the glycoprotein were involved was provided by 

demonstrating that the replacement of the missing s i a l i c 

acid residues afforded a glycoprotein which was again nor-

mally viable in c i r c u l a t i o n . This was done with a. s i a l y l -

t r a n s f e r a s e , which catalyses the attachment, of s i a l i c acid 

residues onto terminal galactose residues of g lycoproteins, 

by t rans fer from CMP-NANA. 

Ashwell and Morcll concluded at t h i s point t h a t 

''exposure of any two galactosyl residues of cerulopJasmin 

is s u f f i c i e n t cause for the prompt removal of the ' d e f e c t 

ive ' molecule from plasma". 

I have mentioned e a r l i e r that a l l as ia log lycoprotc ins 

t h a t disappear rapidly from c i r c u l a t i o n are taken up by t h e 

l i v e r . It was further shown t h a t the l i v e r has a Limited 

capacity for the uptake of g lycoproteins. Thus, when 

unlabelled a s i a l o - α 1 - a c i d glycoprotein was injected i n t o 



a ra t together with l a b e l l e d a s i a l o c e r u p l a s m i n , the sur

vival of the l a t t e r in c i r c u l a t i o n was markedly increased. 

The increase in survival time was dependent on the r a t i o 

of the two asialog lycoproteins i n j e c t e d : the higher the 

proportion of the a s i a l o - α 1 - a c i d g lycoprotein, the slower 

was the r a t e of c learance from c i r c u l a t i o n or the l a b e l l e d 

as ia loceruloplasmin. ful ly s i a l y l atcd g lycoprote ins , such 

as i n t a c t ..α1-acid g lycoprotein, were ine f fec t ive in length

ening the survival of t r a c e r amounts of as ia loccruloplasmin, 

nor were glycopeptides i s o l a t e d from pronase d iges t s of such 

glycoproteins. However, des ia ly l ated glycopeptides fron 

ceruloplasmin or α 1-acid glycoprotein i n h i b i t e d the uptake 

of as ialoceruloplasmin by the l i v e r ; no i n h i b i t i o n was 

observed with simple saccharides such as ga lactose or l a c t o s e . 

Those and other experiments have led to the conclusion that 

the information for uptake by the l i v e r is contained mainly, 

if not e n t i r e l y , in the ol igosaccharide moiety of the glyco

prote ins . It is not known, however, which factors besides 

the terminal non-reducing galactose arc involved in the 

uptake phenomenon. 

Removal of s i a l i c acid from glycoprotein hormones and 

from erythrocytes also af fects dramatical ly t h e i r r a t e of 

clearance from c i r c u l a t i o n . Rabbit erythrocytes have a 
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h a l f - l i f e i n c i r c u l a t i o n o f 9-11 days . After enzymlc 

h y d r o l y s i s o f s i a l i c a c i d from; t h e i r s u r f a c e , t h e i r h a l f -

l i f e drops to as low as 7-12 h o u r s (Al,A2). S i n c e o l d 

e r y t h r o c y t e s have a lower c o n t e n t of s i a l i c a c i d than 

young ones , i t i s p o s s i b l e t h a t removal o f s i a l i c a c i d 

b y n e u r a m i n i d a s e i s i n v o l v e d i n t h e p h y s i o l o g i c a l aging o f 

e r y t h r o c y t e s . Such a mechanism Tiiay a l s o he r e s p o n s i b l e f o r 

the elin.'i.iuition by the body of o l d p l a t e l e t s , l e u c o c y t e s and 

o t h e r types o f o l d c e l l s . 

Some f i f t e e n y e a r s ago i t was found t h a t t h e g l y c o 

p r o t e i n hormones human c h o r i o n i c g o n a d o t r o p i n (HCG) and 

f o l l i c l e s t i m u l a t i n g hormone (FSH) from which t h e s i a l i c 

ac id was removed, were b i o l o g i c a l l y i n a c t i v e . This Led to 

t h e b e l i e f t h a t t h e i n t e g r i t y o f the c a r b o h y d r a t e s i d e c h a i n 

o f g l y c o p r o t e i n hormones was e s s e n t i a l f o r t h e i r b i o l o g i c a l 

a c t i v i t y . As s t a n d a r d hormone a s s a y s a r e done with i n t a c t 

a n i m a l s , t h e p o s s i b i l i t y was r a i s e d t h a t t h e l o s s o f the 

potency of the d c s i a l y l a t c d HCG and FSH m i g h t be t h e r e s u l t 

o f t h e i r r a p i d removal from t h e c i r c u l a t i o n and d e s t r u c t i o n 

by t h e l i v e r . Ashwell and M o r e l l have, i n d e e d , d e m o n s t r a t e d 

t h a t r a d i o a c t i v e l y l a b e l l e d d e s i a l y i a t o d HCG and FSH d i s 

appeared r a p i d l y from c i r c u l a t i o n in r a t s and were r e c o v e r e d 

from the l i v e r . However, when a s i a l o - α 1 - a c i d g l y c o p r o t e i n 
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was in j ec t ed i n t o the animals simultaneously with the desia-

lylated hormones, not only did t h e i r survival time i.n c i r 

culation increase , but they proved to be b io log ica l ly act ive. 

This has also been found with o ther glycoprotein hormones, 

such as d e s i a l y l a t e d luteinizing hormone (LH) and erythropoie

t in . W i t h the development of in vitro assays for hormones 

it was confirmed tha t the b io logica l a c t i v i t y of the glyco

protein hormones was not affected by changing t h e i r s i a l i c 

acid content . It v/as fur ther found that for binding to crude 

hormone recep tor f rac t ions prepared from t e s t i s and ovary, 

s i a l i c ac id in HCG and LH is completely dispensable . 

En the course of these s t u d i e s , a new method for the 

label l ing of s ia loglycopro te ins was developed. According to 

this method (Fig.43) the two d i s t a l exocyclic carbon atoms 

of s i a l i c acid (C-8 and C-9) are s e l e c t i v e l y cleaved by 

periodic acid under very mild conditions (0°C, 10-15 m i n ) , 

which do not a f fec t any other par t s of the glycoprotein 

Figure 43 Radioactive l a b e l l i n g of terminal s i a l i c acid 
res idues of glycoproteins (A3). 

http://sialog.lycoprotei.ns
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molecule. The r e s u l t i n g C-7 aldehyde is reduced with t r i t i 

ted borohydride to y i e l d a s table radioact ive der ivat ive of 

the o r i g i n a l glycoprotein (A3). All the s i a l i c acid is thus 

converted in to i t s 7-carbon analog, 5-acetamido-3,5-dideoxy-

L-arabino-2-heptulosonic acid (NANA-7 or Neu-7) . Upon i n 

j e c t i o n into r a t s , preparat ions of ceruloplasmin and α 1-acid 

glycoprotein thus labe l led exhibited a normal. h a l f - l i f e , 

e s t a b l i s h i n g that the i n t e g r i t y of s i a l i c acid i s not essen

t i a l for the survival of the glycoproteins in c i r c u l a t i o n . 

The 7-analog of s i a l i c acid could be removed from the lab

e l l e d glycoproteins by neuraminidase, although at a r a t e 

slower than native s i a l i c acid, affording des ia ly ia ted gly

coproteins which were rapidly cleared from c i r c u l a t i o n . 

Using the same technique, modification of the s i a l i c acid 

res idues of the glycoprotein hormones HCG and FSH i n t o t h e i r 

Neu-7 analogs was achieved with l i t t l e loss of hormonal 

a c t i v i t y (A4). The method is also applicable to the l a b e l 

l ing of the surface of erythrocytes and lymphocytes, and is 

finding an extensive use in the study of sugars on c e l l 

membranes (A5j. I n c i d e n t a l l y , c e l l surface glycoproteins and 

glycol ipids can also be labe l led at t h e i r galactose res idues 

following removal of s i a l i c acid (A6), employing the same 

method as that used for the l a b e l l i n g of soluble glycoproteins 

(see F i g . 4 1 ) . 

http://ceruJ.opla.smin
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The importance of thc carbohydrate in d i rec t ing the 

uptake of plasma pro te ins by l ive r c e l l s was emphasized by 

the work of J. C. Rogers aND S. Kornfeld, who showed in 

1971. (A7) tha t clearance of se rum albumin (a protein devoid 

of carbohydrate) i'roi:! the c i r cu l a t i on in r a t s was st imulated 

at l eas t 30-fold by coupling it chemically with a fetuin 

glycopeptide from which the s i a l i c acid had been removed. 

As expected from the s tud ies of G. Ashwell and A. Morell, no 

stimulation of hepat ic uptake of serum albumin was brought 

about, by coupling it with the i n t a c t fe tu in glycopeptide 

which contained s i a l i c acid res idues . This work of Rogers 

and Kornfeld provides a method for con t ro l l ing the l i fe t ime 

of specific, p ro te ins in jec ted i n t o c i r c u l a t i o n , and for 

d i rec t ing them to the l i v e r and u l t ima te ly to the hepat ic 

lysosomes. It has far reaching impl ica t ions as a po ten t i a l 

means for replacement therapy in cases of genetic deficiency 

of lysosomal and o ther enzymes. 

It is also obvious from these and o ther s tudies tha t 

the catabolism of serum albumin, which does not contain 

carbohydrate, must be d i rec ted by a mechanism qui te different 

from tha t j u s t descr ibed. Al te rna te pathways of catabolism 

probably also e x i s t for sonic g lycopro te ins , s ince, as mention

ed, the clearance from serum of t r a n s f e r r i n does not seem to 
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be enhanced by removal of i t s s i a l i c ac id ( F i g . 42). 

LIVER MEMBRANE RECEPTORS. I have mentioned e a r l i e r t h a t the 

plasma membranes of the l i ve r have been i m p l i c a t e d as t h e 

l o c u s o f t h e b ind ing s i t e s for c i r c u l a t i n g s i a l i c a c i d - f r e e 

g l y c o p r o t e i n s . Using i s o l a t e d l i v e r numbranes, t h e b ind ing 

of a s i a l o g l y c o p r o t o i n s could be quant i ta ted and s t r i k i n g 

d i f f e r e n c e s between d i f fe ren t , as ia loglycoprotoins were 

o b s e r v e d . For example, b ind ing of as ia lo-acid g l y c o p r o 

t e i n was on a. molar b a s i s about 100 times s t r onge r than 

tha t of as ia loceruloplasmin. Here, as in the exper iments 

wi th i n t a c t an ima l s , t e r m i n a l g a l a c t o s e r e s i d u e s were shown 

to be t h e major de t e rminan t s of b i n d i n g , but no i n s i g h t was 

o b t a i n e d f o r the o t h e r f a c t o r s i n the a s i a l o g l y c o p r o t e i n 

which a re r e s p o n s i b l e for the b road spectrum of b ind ing 

o b s e r v e d . 

The b i n d i n g of a s i a l o g l y c o p r o t c i n s to l i v e r membranes 

was s p e c i f i c , as no b ind ing to crude membrane p r e p a r a t i o n s 

from o t h e r organs was de f ec t ed . 

I!f(-"cctivc b ind ing of a s i a l o g l y c o p r o t c i n s by i s o l a t e d 

l i v e r plasma neiiibrfocs was silown to depend on the p re sence 

o f ca lc ium i o n s and on t h e s i a l i c ac id r e s i d u e s o f t h e 

membranes. Incuba t ion of the cembranes with ex t remely smal l 

amounts of neuramin idase prompt ly and comple te ly a b o l i s h e d 
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t he i r a b i l i t y to bind as ia loglycoprote i r - s . Reconstruction 

experiments in which membranes Inac t i va t ed by p a r t i a l clc-

sialy'l at ion were incubated with CMP-NAXA, led to r e s t o r a t i o n 

or a s i g n i f i c a n t por t ion of the lost, binding a c t i v i t y . Here 

no addi t ion of s i a l y l tran.s ("erase was necessary , s ince t h i s 

enzyme was present in the membrane f r ac t i on . With the 

demonstration tha t the ncuraniinidase-ir.edl ated loss of binding 

potency of the plasma membranes was a repa i rab le l e s i o n , it 

became c l e a r t ha t s i a l i c acid p lays a complex and mutual.ly 

exclusive ro le in determining die "ictabolic fa te of .specific 

c i r c u l a t i n g g lycoprote ins , e f f e c t i v e hepat ic uptake requi res 

not on l.y the abscncc_ of s i a l i c acid on the g lycopro te in , but 

in addi t ion the presence or t h i s subsfi tuent on the plasma 

membranes. 

All the binding a c t i v i t y of the l i v e r membrane for 

as ia log lycopro tc ins mid as:i al.oglycopcpti.des was recen t ly 

shown to r e s ide in one of i t s glycoprotein c o n s t i t u e n t s . 

This glycoprotein, was i s o l a t e d , f i r s t from l i v e r membrane 

p repa ra t i ons , and subsequently fro;i; a more convenient source 

- an acetone powder of r abb i t l i v e r (A8, A9) . Pur i f i ca t ion 

of the hepa t ic binding glycoprotein was achieved by a f f i n i t y 

chromatography on a column made of a s i a l o - j ; - a c i d glycopro

t e i n covalent ly a t tached to Sepharose. IVi.ndi.ng to the column 

http://al.oglycopcpti.des
http://IVi.ndi.ng
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was in the presence of Ca++, and the pur i f ied glycoprotein 

was e l u t e d simply by passing through it a suit table buffer 

s o l u t i o n free of Ca++. The puri f ied hepat ic binding g lyco-

prote in was po lydisperse; it contained 10% carbohydrate 

i d e n t i f i e d as N-acetylneuramini c acid, g a l a c t o s e , mannose 

ana glucosamine in the molar r a t i o s 1:1:2:2. I ts binding 

p r o p e r t i e s were exact ly as could be predic ted from the 

experiments with the l i v e r membranes. For example, no 

i n h i b i t i o n of the binding of a s i a l o - α 1 -acid g lycoprote in 

was af fected even by very high concentrat ions of i n t a c t 

α 1 -acid g lycoprotein or ceruloplasmin . Binding r e q u i r e d 

Ca++ and the presence of s i a l i c acid on the h e p a t i c g lyco

p r o t e i n . Very i n t e r e s t i n g l y , the unmodified h e p a t i c b ind ing 

g lycoprote in, but not i t s des ia ly1ated d e r i v a t i v e , agg lut

inated human and rabbi t e ry throcytes . Hemagglutination was 

s p e c i f i c a l l y i n h i b i t e d by monosaccharides, such as N - a c e t y l -

galactosamine and ga lactose, and by a s i a l o - α 1 - a c i d g lycopro

t e i n . Carbohydrate-binding p r o t e i n s e x h i b i t i n g such agglu

t i n a t i n g a c t i v i t y , known as l e c t i n s , have been i s o l a t e d 

from a v a r i e t y of p l a n t s , i n v e r t e b r a t e s and lower v e r t e b r a t e s . 

The hepat ic-b inding glycoprotein is the f i r s t l e c t i n of 

m a m m a l i a n o r i g i n . 

To summarize, i t is conceivable that g lycoprotein 
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catabolism may represent an example of a finely poised system 

regulated by the r e l a t i v e activities of the two complement-

ary enzymes, neuraminidase and sialyltransference, act ing in 

concert upon both the surface carbohydrate of the l i v e r ce l l s 

and the c i r c u l a t i n g glycoproteins of the blood. It is also 

reasonable to assume tha t the role of surface carbohydrates 

in inf luencing glycoprotein catabolism represents a process 

of major physiological s ign i f icance . Such an inference must, 

however, be made with caution since d i r ec t experimental con-

firmation of t h i s biological function is not yet ava i lab le . 

CELL SURFACE SACCHARIDES AND LYMPHOCYTE ACTIVATION 

In my lectures I have emphasised several times the 

important ro le tha t sugars on ce l l surfaces play in the 

l i f e of the c e l l . In an i n t e r e s t i n g appl icat ion of the 

techniques employed by Ashwell and Morell for label l ing 

g lycopro te ins , A. Novogrodsky and E. Katchalski in our 

department have demonstrated that chemical modificat ion of 

sugars on the surface of lymphocytes has dramatic effects 

on these c e l l s : specific oxidation of c e l l surface s i a l i c 

acid or galac tose st imulated lymphocytes to undergo meta-

bo l i c and morphological changes culminating in growth and 

c e l l d iv i s ion . The effects observed, as measured for 

http://aeti.vit.ies
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example by the s t imulat ion of DNA s y n t h e s i s , were comparable 

with those induced by well known mitogens, such as l e c t i n s 

(phytohemagglutinin and Con A) t h a t bind to cell surface 

saccharides (Fig.44) , or by ant ibodies to cell surface 

components. 

Figure 44 Micrograph ( 1000x) of a mouse spleen lymphocyte 
undergoing mitosis a f t e r 3 days incubation in 
the presence of concanavalin A (2 μg/ml). An 
unstimulated c e l l is seen next to a s t imula ted 
one. (Courtesy A. Novogrodsky). 

Studies of mitogen induced lymphocyte transformation 

are of extreme importance, s ince they serve as an e x c e l l e n t 

model for i n v e s t i g a t i n g a l a r g e number of b iological phen-

omena. These include the mechanism of transmission of 
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messages from the c e l l surface to i t s i n t e r i o r , the c e l l u l a r 

events which cause lymphocytes to become ac t ive in the imm-

une system, for example in producing an t ibod ies , and the 

re la t ion between s t r u c t u r e and function of membranes. The 

discovery t ha t lymphocytes can be s t imula ted by oxidation 

offers new and exer t ing possibilities for the study of the 

above problems, s ince t h i s m o d i f i c a t i o n is specif ic , well 

defined chemically and can be r ead i ly con t ro l led . 

Novogrodsky has shown tha t lymphocytes from a va r ie ty 

of sources ( e .g . man, mouse or r a t ) , wi l l undergo mitogenic 

s t imulat ion upon mild treatment with pe r ioda te , under con

di t ions which affect only s i a l i c acid res idues on t h e i r 

surface (A10). Treatment of lymphocytes with neuraminidase 

markedly reduced t h e i r response to pe r ioda te . Moreover, 

the t r i g g e r i n g signal generated by pe r ioda tc oxidat ion could 

be abol ished by t r ea tnen t with reagents t h a t modify a lde 

hyde groups, e i t h e r by reduction ( e . g . KBH4) or by conden-

sat ion ( e . g . hydroxylamine). 

Transformation of lymphocytes was also induced by 

aldehyde groups formed on t h e i r surface by sequent ia l 

treatment of the c e l l s , f i r s t with neuraminidase and then 

with galac tose oxidase (A11). No s t imulat ion was observed 

when galac tose oxidase was incubated with c e l l s from which 

http://possibiLiti.es
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the s i a l i c ac id had no t been removed, nor d id neuraminidase 

i t s e l f ac t as a mitogen. Moreover, no mitogenic e f fec t was 

observed when the neuruminidaise treated lymphocytes were 

incubated with galactose oxidase in the presence of a 

spec i f i c inh ib i to r of the enzyme, or an excess of galactose 

( subs t ra t e inh ib i t ion ) . The above findings c lear ly show 

that in th i s case st imulation is the resul t of oxidation of 

the galactose residues on the lymphocyte surface. As in 

the case of the aldehyde group on oxidized s i a l i c ac id , mod

i f i c a t i o n of the aldehyde group formed by neuraminidase and 

galactose oxidase treatment markedly decreased the mitogenic 

effect of the sequential enzymic treatment. 

The mode of act ion of the aldehyde groups formed on 

the lymphocyte surface in stimulating lymphocyte p r o l i f e r a 

tion is not known. Aggregation of specif ic membrane s i t e s 

is bel ieved to be involved in the stimulation of lymphocytes 

by mitogens and other t r igger ing agents. It is possible 

tha t the aldehydes on C-7 of the modified s i a l i c acid or 

C-6 of galactose react with amines or other functional 

groups on the cel l surface forming cross l inks; these 

c ross l inks lead to the formation of ce l l surface aggregates 

which ac t in the t r igger ing process. 

In t e re s t ing ly , the response of lymphocytes t r ea t ed 
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with p e r i o d a t e , o r with neu ramin idase and g a l a c t o s e o x i d a s e , 

to stimulation by Cor. A, is the same as that of u n t r e a t e d 

c e l l s , suggest ing tha t d i f f e ren t sacchar ide s i t e s are invo l 

ved. Indeed, it is bel ieved tha t Con A induces transforma

tion of lymphocytes by binding to mannose residues on the 

cel l surface (2 ) . Further evidence on the ro le of cell, 

surface sugars in mitogenic s t imula t ion has been obtained 

from s tudios with soybean agg lu t in in , a l e c t i n which has 

been inves t iga ted in our laboratory for many yea r s . This 

l e c t i n , spec i f i c for terminal non-reducing N - ace ty lga l ac to -

samine or galactose res idues , is not mi togen ic for r a t , 

mouse or human lymphocytes. However, soybean agglut in in 

st imulated these lymphocytes after s i a l i c acid had been 

removed from t h e i r surface (A12). It was postulated, that 

the transformation induced by soybean agglu t in in in d e s i a l -

ylated lymphocytes is caused by the binding of the l e c t i n 

to newly exposed galactosyl r e s idues . Since s i a l i c acid 

in glycoproteins is known to be g lycos id ica l ly l inked to 

galactose (or N -acety lgalac tosamine) , Novogrodsky has fur 

ther suggested that pe r ioda te , ga lac tose oxidase and soy

bean agglu t in in t r i g g e r lymphocytes to undergo transformation 

by affect ing the same glycoprotein t h a t contains one or more 

ol igosacchar ides with the sequence NANA-Gal (or GalNAc). No 
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experimental evidence for th i s assumption is ava i l ab le , but 

attempts to i s o l a t e the pu ta t ive glycoprotein arc in p rog re s s . 

Another i n t e r e s t i n g r e l a t ed finding made by Kovogrod¬ 

sky is that spec i f i c oxidation, of s i a l i c acid or galactose 

(after neuraminidase treatment) on the surface lymphocytes 

wil l convert them in to k i l l e r c e l l s t h a t wi l l lyse and 

destroy ce r t a in '"target c e l l s ' ' , for example mastocytoma 

ce i l s (A13). Also, treatment of t a r g e t ce l l s with per ioda te 

or neuraminidase-galactose oxidase renders them suscep t ib le 

to cytolysis by unt rea ted lymphocytes. These effects are 

also abolished by aldehyde modifying reagents , indicat ing 

t ha t the presence of aldehyde groups on e i the r the lymph

ocytes or the t a r g e t c e l l s is s u f f i c i e n t to induce cytotox

i c i t y . I t i s poss ib le that he r e , t o o , the aldehyde groups 

on the t rea ted ce l l s i n t e r a c t with amines or other chemical 

groups on the surface of the un t r ea t ed c e l l s , to form 

i n t e r c e l l u l a r b r idges , with the r e s u l t a n t formation of a 

cy to toxic complex which leads to l y s i s of the t a rge t c e l l s . 

http://neuraminJda.se
http://cyco.lys.is
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The s u r f a c e o f t h e human e r y t h r o c y t e , a s t h a t o f 

o t h e r t y p e s of c e l l , i s coa t ed wi th a complex mosaic of a 

l a r g e number of s p e c i f i c i t y d e t e r m i n a n t s , many of which a re 

complex s a c c h a r i t i e s . 

To d a c e , o v e r 250 r e d c o l l a n t i g e n s have been d e s c r i 

bed, and the number i s r a p i d l y i n c r e a s i n g . Included in t h i s 

number are some 100 b lood group d e t e r m i n a n t s , be longing to 

15 independen t human blood group systems. Of t h e s e , t h e 

most t h o r o u g h l y s t u d i e d a r e the a n t i g e n i c de t e rminan t s o f 

t h e ABO b lood group sys tem, and the c l o s e l y r e l a t e d Lewis 

s y s t e m ( 1 - 4 ) . Cons ide r ab l e i n f o r m a t i o n has a l s o been o b t a i 

ned in r e c e n t y e a r s on t h e a n t i g e n s of t h e MN system ( 4 ) . 

L i t t l e i s known, however, about the s t r u c t u r e o f o t h e r red 

c e l l a n t i g e n s , such as t h o s e of the r h e s u s (Rh) blood group 

system. 215 

BLOOD GROUP SUBSTANCES 

- I: CHEMICAL STRUCTURE 

12 
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The ABO blood group system, t h e f i r s t to be d e s c r i b e d , 

was d i scove red by K. Landsteiner in 1900 as a r e s u l t of h i s 

a t t empts t o determine whether s p e c i f i c s e r o l o g i c a l d i f f e r ¬ 

ences e x i s t e d between i n d i v i d u a l s of the same s p e c i e s . The 

importance of the knowledge of t h e ABO groups for the s a f e 

p r a c t i c e of blood t r a n s f u s i o n is now widely recogn ized . Al l 

o the r human blood group systems known at p r e s e n t , excep t f o r 

the Rh s y s t e m d i scove red some 40 yea r s ago, a re of l i t t l e 

c l i n i c a l s i g n i f i c a n c e . 

The v a r i o u s b lood groups a r e def ined by t h e i r s e r o 

logica l p r o p e r t i e s . That i s , the type s p e c i f i c an t i gens a re 

i d e n t i f i e d by means of s u i t a b l e a n t i b o d i e s . Such a n t i b o d i e s 

may be de r ived from t h e same s p e c i e s in which t h e a n t i g e n is 

p r e s e n t , as is the case with the ABO s y s t e m the s e rum of 

humans of b lood group A con ta in s a n t i - B a n t i b o d i e s ( a n t i - B 

i s o a g g l u t i n i n s ) , and t h a t of group B con ta in s an t i -A 

i s o a g g l u t . i n i n s (Table 12 ) . More o f t en ( e g . wi th t h e MN 

a n t i g e n s ) , t h e a n t i b o d i e s a r e ob t a ined by i n j e c t i o n of 

e r y t h r o c y t e s o f one s p e c i e s i n t o a n o t h e r s p e c i e s . 

The s i m p l e s t way to demonst ra te t h e presence of an 

a n t i g e n on e r y t h r o c y t e s is by t e s t i n g whether they w i l l be 

a g g l u t i n a t e d by the s p e c i f i c a n t i b o d i e s . Lec t ins can a l s o 

be used for t h i s purpose , s i n c e some of then are blood type 



specif ic ( 5 ) . The l e c t i n s of Phaseolus l i m e s i s (lima bean), 

Vicia cracca, and Dolichos biflorus are blood group A spec i 

f i c ; Lotus tetragonolobus, Ulex europeus and the c e l , are 

0 (or H, see below) spec i f i c ; Iris amara is M specif ic and 

Vicia graminea is N sp e c i f i c . Some of these are used In 

blood banks. 

In t h i s l e c t u r e I shall discuss mainly the ant igenic 

determinants of the ABO and Lewis systems, which have been 

well charac ter ized from a chemical standpoint and for which 

the biochemical bas i s of inheri tance has recent ly been 

es tabl i shed. 

The study of these determinants has provided us with 
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Table 12 

Relation between genotype, antigens on red 
c e l l s , and ant ibodies in serum in ABO bloud¬ 
group system 
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a b e a u t i f u l example, perhaps the b e s t of i t s k ind , of t h e 

way in which o l i g o s a c c h a r i d e s of c e l l s u r f a c e s are a s sembled , 

o f how t h e p a t t e r n of t h a t assembly i s g e n e t i c a l l y d e t e r m i n e d , 

and o f the g r e a t complexi ty and v a r i a b i l i t y o f s t r u c t u r e t h a t 

i s produced. 

I n a d d i t i o n t o t h e i r b i o l o g i c a l and m e d i c a l s i g n i f i 

cance , knowledge of blood group a n t i g e n s i s a l so u se fu l f o r 

l e g a l , and even h i s t o r i c p u r p o s e s . The l a t t e r i s p o s s i b l e 

because the in format ion c o n t a i n e d in complex c a r b o h y d r a t e 

polymers which a r e r e s i s t a n t to c l i m a t i c and b a c t e r i o l o g i c a l 

d e s t r u c t i o n can bo used in p a l e o n t o l o g y . In a d r a m a t i c 

example, the t i s s u e dus t o b t a i n e d from t h e remains of 

Tutankhamen has been used in s e r o l o g i c a l experiments to 

e s t a b l i s h h i s blood group and h i s p robab le r e l a t i o n s h i p t o 

Smenkhkare, ano the r e i g h t e e n t h dynas ty Pharaoh. 

THE ABH AND LEWIS ANTIGENS 

B1ood group c h a r a c t e r s a r e i n h e r i t e d accord ing to 

s imple Mendelian laws , and t h e a n t i g e n s are b e l i e v e d to be 

the p r o d u c t s of a l l e l i c or c l o s e l y l i n k e d genes . The A and 

B phenotypos a re c o n t r o l l e d by two a l l e l i c genes , A and B 

(Table 1 2 ) . There i s now ample ev idence t h a t , c o n t r a r y to 

e a r l i e r b e l i e f s , t h e r e i s n o O gene p roduc t and t h a t the 
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.substance on group O c e l l s , detected by the so cal led 

"an t i -O" reagents (such as the O-spec i f i c l e c t i n s mentioned 

above) is a product of a gene sys tem designated as Hh. This 

conclusion is based, among o ther th ings , on the finding 

that, people who belong to blood group O, as well as those 

who belong to blood groups A, B or AB, often sec re t e a 

glycoprotein tha t i n h i b i t s agglu t ina t ion of O erythrocytes 

by ' ' ant i -O" r eagen t s . To avoid confusion, th i s glycoprotein 

is now ca l l ed H substance, s intead of 0 substance. The 

reagents tha t reac t with i t , as well as with the correspond

ing H de te rminants , are a n t i - H reagen t s . For h i s t o r i c a l 

reasons , however, the designation "group O erythrocytes"1 has 

been r e t a i n e d . 

Substances with ABH and Lewis a c t i v i t i e s commonly 

occur not only on erythrocytes but also on other cell mem

branes and in many s e c r e t i o n s . Not a l l humans, however, 

have ABH ant igens on t he i r e ry th rocy tes : a very small 

number of i nd iv idua l s lacks these an t igens . The f i r s t 

cases belonging to th is r a r e blood type were discovered in 

Bombay, Ind ia . Since such "Bombay'' type ind iv idua ls are 

apparently normal in a l l o ther r e s p e c t s , i t would appear 

t h a t the ABH ant igens do not have a s p e c i f i c function ess 

e n t i a l for cel1 v i t a l i t y . 
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The e a r l i e s t i n d i c a t i o n t h a t ABH s p e c i f i c i t y may be 

determined by sugars was obtained by W. M. Watkins and W. T. J. 

Morgan at the Li s te r I n s t i t u t e , London, in 1952. Of all sugar 

c o n s t i t u e n t s of blood group substances, only N-accty lga lact¬ 

osamino and i t s α-methyl glycoside inhibited agglut inat ion of 

red c e l l s by type A-specif ic l e c t i n s . Watkins and Morgan 

concluded, there fore , t h a t this sugar, in a linkage, is a 

determinant of blood group A s p e c i f i c i t y . Similar ly, agglu

t i n a t i o n or group O c e l l s by the type H(O)-specific l e c t i n s 

was i n h i b i t e d best by methyl α-L-Fucopyranoside, i n d i c a t i n g 

that the α-L-fucosyl res idue is a determinant of H(O) 

s p e c i f i c i t y . In other words, α-L-linked N-acetylgalactosamine 

and L-fucose are the immunodeterminant sugars of blood type 

A and H(O) s p e c i f i c i t y , r e s p e c t i v e l y . These conclusions have 

been fully subs tant ia ted in subsequent s t u d i e s . Unfortunately, 

Lectins were not useful for studying blood group B determin

a n t s , as blood group B-speci:fic l e c t i n s were not known at the 

t ime. 

Strangely enough, the d e t a i l e d knowledge of the chem

ica l s t r u c t u r e of the ABH and Lewis (Lca and Leb) antigens 

is based mostly not on s t u d i e s with red c e l l s , but on soluble 

blood group active substances that are found in s e c r e t i o n s 

such as sa l iva , ovarian cyst f lu id or g a s t r i c j u i c e . I so la¬ 
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tion of these antigens from erythrocytes has not: been poss

ible until, r ecen t ly , because of the d i f f i c u l t y in obtaining 

reasonable amounts of pure ma te r i a l s . ABH .specific giyco-

l ipids have now been i s o l a t e d from human ery throcyte 

membranes but t h e i r inves t iga t ion has been hampered by .low 

yields and by problems of pu r i f i ca t ion and polymorphism (4) 

The magnitude of the problem will be appreciated from 

the fact that S.I Hakomori obtained only 1 or 2 mg of a 

family of pure il-active glycosphingolipids from the stroma 

of 30 Liters of blood. Whether e ry throcytes contain A3H-

actlve glycoproteins .is s t i l l questionable. It should be 

noted however, tha t the MN blood group antigens arc par t 

of the major human erythrocyte glycoprotein, also known as 

glycophorin. 

The chemical s t ruc tu re of the ABU and Lewis spec i f i c 

blood group substances was e luc ida ted pr imar i ly in the 1950' s 

and 1960's by Morgan and Watkins in London and by 12. A. Kabat 

and his coworkers at Columbia Universi ty College of Physicians 

and Surgeons in New York. The substances that, have been 

studied most are those i s o l a t e d from ovarian cyst f l u i d s . 

These fluids accumulate within the cyst over long per iods , 

and a singLe cyst some tines yeilds several grams of act ive 

material.. Purified soluble blood group substances arc poly-
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disperse materials, with molecular weights ranging from 

3 x 105 to 106. Preparations from even a single individual 

and a s ing le type of sec re t ion , contain a family of mole

cules very closely related in general s t ruc ture and compos

i t i o n . Such substances, i r r e s p e c t i v e of t he i r blood group 

s p e c i f i c i t y , usually contain about 85'i;. of carbohydrate and 

15% p r o t e i n , and are therefore glycoproteins. In the p ro te in , 

hydroxyamino acids comprise a s ign i f ican t proportion (40-50% 

se r ine and threonine) , while the proportion of aromatic and 

su l fur containing amino acids is low. The same sugars are 

p resen t in preparations of d i f fe ren t spec i f i c i ty : ga lac tose , 

N-acetylglucosamine, N-acetylgalactosamine, L-fucose and a 

small (and variable) amount of s i a l i c acid. 

Because of the extreme complexity of the soluble 

blood group substances, and the fact that only a small 

por t ion of these macromolecules is responsible for t h e i r 

blood group a c t i v i t y , much e f fo r t had to be invested in 

e l u c i d a t i n g the i r s t ruc tu re , a task far from complete. 

Many approaches, both direct and i n d i r e c t , have been used 

for t h i s purpose. 

Enzyme degradation of blood group glycoproteins 

provided evidence for the ro le of L-fucose in H and Lea 

s p e c i f i c i t y , and of N-acetylgalactosamine and galactose 



Figure 45 S p e c i f i c i t i e s revealed by the sequential enzymic 
degradation of blood group substances A and B 
(from r e f . 1 ) . 

Or ig ina l ly , crude enzymes were used and s p e c i f i c i t y of action 

was based on i n h i b i t i o n of degradation by nonosaccharides (sub

s t r a t e i n h i b i t i o n ) . This, Morgan and Watkins found that enzymes 

from the protozoon Trichomonas foetus, which destroyed A and 

B s p e c i f i c i t i e s with concomitant appearance of H a c t i v i t y , 

were i n h i b i t e d by N-acetylgalactosamine and ga lactose, resp

ect ive ly . With the a v a i l a b i l i t y in recent years of pur i f ied 

glycosidases, i t was confirmed t h a t α-N-acetylgalactosamin¬ 

idase wi l l convert type A glycoprotein i n t o H glycoprotein. 

Similar ly, α-galactosidase converts B glycoprotein into H 

BLOOD GROUP SUBSTANCES I 

in A and B s p e c i f i c i t y , respect ive ly (Fig .45), 
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glycoprotein, Treatment of the residual H-active glycoprotein 

with a p u r i f i e d α-L-fucosidaso, r e s u l t s in the l i b e r a t i o n of 

L-fueose tirid the development or enhancement of cross r e a c t i v i t y 

wi th ant i-Le a antibody and also with horse antiscrum to Type XIV 

pneunococcus, an antiserum s p e c i f i c for β-galactosyl re s idues . 

It appears, there fore , that s t r u c t u r e s r e l a t e d to H, Lea, and 

Type XIV pneumococcus determinants are present in A and B 

g lycoprote ins , and t h a t , s ince the r e l e a s e of a s i n g l e sugar 

unit suff ices to unmask a new s p e c i f i c i t y , the s t r u c t u r e s 

revealed are o r i g i n a l l y p a r t of the same carbohydrate cha ins . 

Pur i f ied α - N - acetyl galactosaniinidase and α-galactosidase can 

also be used to convert group A and B ery throcytes , r e s p e c t 

ive ly, to group 0 erythrocytes . 

Much s t r u c t u r a l information was obtained by examining 

the a b i l i t y of a variety of ol igosaccharides to i n h i b i t s p e 

c i f i c a l l y hemagglutination or p r e c i p i t a t i o n of blood group 

g lycoproteins by t h e i r immune a n t i s e r a ("hapten i n h i b i t i o n " 

experiments) . The e a r l i e r hapten i n h i b i t i o n s tudies were 

done with ol igosacchar ides i s o l a t e d from human milk and 

character ized s t r u c t u r a l l y in the 1950's by R. Kuhn and h i s 

a s soc ia tes in Germany (for examples, see Table .13). These 

o l igosacchar ides are present in milk in small q u a n t i t i e s , 

and can a l l be considered as der ivat ives of lactose, the 
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Table 13 

Some oligosaccharides of human milk 
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p r i n c i p a l milk s u g a r . They were of p a r t i c u l a r a i d in p r o v 

i d i n g information about the Lewis d e t e r m i n a n t s . I n h i b i t i o n 

of Lea hemagglutination by lacto-N-fucopentaose II and of Leb 

hemagglutination by lacto-N-difucohexaose I was observed, which 

suggested that the Le a and Le b glycoproteins d i f fer in the 

number of L-fucose res idues that serve as s p e c i f i c i t y d e t e r 

minants - one L-fucose for Lea and two for Leb. 

The i so lat ion and i d e n t i f i c a t i o n of more than 50 o l i g o 

saccharides (di - to decasaccharides) from the products of 

p a r t i a l acid hydrolysis and alkaline degradation of blood 

group act ive g lycoproteins, supplied the d e t a i l s necessary 

to i n t e r p r e t the complex i n t e r - r e l a t i o n s h i p of s p e c i f i c i t i e s 

revealed by the hapten i n h i b i t i o n and enzyme degradation 

experiments. All these compounds were, of course, t e s t e d 

for t h e i r serological a c t i v i t y . Some of the o l igosacchar ides 

proved to be excellent i n h i b i t o r s in hemagglutination or 

p r e c i p i t a t i o n experiments, indicat ing t h a t they contain a 

large p a r t of the ant igenic determinant of each substance 

(A1,A2). 

Among the A active fragments were the t r i s a c c h a r i d e s 

of GalNAc-α-(1 3)-Gal-β-(1 3)-GlcNAc and GalNAc-α-(1 3) -Gal -

β-(1 4) -GlcNAc. Similar t r i s a c c h a r i d e s , with galactose 

instead of N-acetylgalactosamine at t h e i r non-reducing end, 
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were i s o l a t e d from β ac t ive g lycoprote ins , and i n h i b i t e d 

the p r e c i p i t a t i o n of these p r o t e i n s with t h e i r ant ibodies . 

As can be seen in both the A and B act ive t r i s a c c h a r i d e s , 

the subterminal galactose is l inked to the terminal reducing 

end by e i t h e r 1 3 or 1 4 l inkages . It was thus concluded 

that A, B and H s p e c i f i c i t y involves two types of bas ic 

s t r u c t u r e , 1 3 ca l led "Type 1 grouping" and 1 4 ca l led 

"Type 2 grouping". The i s o l a t i o n by E. A. Kubat and h i s 

coworkers of branched ol igosacchar ides in which both types 

of grouping are present , c l e a r l y demonstrated that Type 1 

and Type 2 groupings may occur as p a r t of the same carbohyd

rate chain. The m o s t complex ol igosacchar ide of t h i s s e r i e s 

was a decasacchar ide, 4.4 mg of which was obtained from 4.56 g 

of a Lea a c t i v e glycoprotein which had been t r e a t e d with 

NaOH-NaBH4 (A1). The s t r u c t u r e of th i s compound is given 

below, with the Type 1 and Type 2 groupings underl ined. 
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As e x p e c t e d , it does n o t conta in the A and B s p e c i f i c sugars 

(α-GalNAc and α-Gal, r e s p e c t i v e l y ) at i t s n o n - r e d u c i n g end. 

The N - a c c t y l g a l a c t o s a m i n i t o l p r e s e n t a t the o t h e r end of 

t h i s fragment has been produced by r e d u c t i o n with NaBH4,: of 

the N - a c e t y l g a l a c t o s a m i n e r e l e a s e d by β - e l i m i n a t i o n from the 

c a r b o h y d r a t e - p o p t i d o Linkage (see pp. 72-75). 

A g l y c o p r o t e i n with o l i g o s a c c h a r i d e cl iains t e r m i n a t i n g 

with e i t h e r G a l - β - ( l 3) -GlcNAc or t h e Gal-β-(1 1) -Gl cNAc 

s e q u e n c e s , has been termed a " p r e c u r s o r s u b s t a n c e ' ' ; such a 

s u b s t a n c e has been i s o l a t e d from human ovar ian cys t f l u i d . 

Based on the d i f f e r e n t l i n e s of ev idence t h a t I have 

summarized, i t i s c l e a r t h a t t h e A B H and Lewis g l y c o p r o t e i n s 

p o s s e s s a common b a s i c s t r u c t u r e , and t h a t t h e i r b l o o d group 

s p e c i f i c i t y i s determined b y t h e n a t u r e and l i n k a g e o f t h e 

monosaccharides a t t h e n o n - r e d u c i n g ends o f t h e i r c a r b o h y d r a t e 

c h a i n s . There arc two kinds of non-reducing e n d s , Type 1 and 

Type 2, with g a l a c t o s e l i n k e d to N- acetyl .g lucosamine e i t h e r 

by a β-(l 3) or by a β-(1 4) l i n k a g e , r e s p e c t i v e l y . To t h e s e 

s t r u c t u r e s a r e a t t a c h e d N - a c e t y l g a l a c t o s a m i n e , g a l a c t o s e , a n d 

L-fucose, to form d e t e r m i n a n t s of A, B, H, Lea and Leb s p e c 

i f i c i t y , as shown in Table 14. 

The A, B, and H d e t e r m i n a n t s can a r i s e from e i t h e r 

Type 1 chains or Type 2 ciui ins; Lea and Leb d e t e r m i n a n t s can 



only be forced from Type 1 c h a i n s , s i n c e both s t r u c t u r e s con

t a i n L-Fuc-α-(1 4) -GlcNAc, a sequence t h a t cannot be formed 

in Type 2 cha ins where t h e 4 p o s i t i o n of N-acetylglucosamine 

i s occupied b y g a l a c t o s e . 

As ment ioned, t h e most i m p o r t a n t s u g a r s f o r each 

s p e c i f i c i t y a r e known as immunodeterminants or immunodomin¬ 

ant s u g a r s . The immunodominant s u g a r for H s p e c i f i c i t y is 

L-fucose as L-Fuc-α-(1 2)-Gal ; for A s p e c i f i c i t y , N - a c e t y l ¬ 

galatosamine as GalNAc-α-(1 3) -Gal; for B s p e c i f i c i t y , g a l a c 

tose as Gal-α- (1 3)-Gal ; and for Le a s p e c i f i c i t y , fucose as: 
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T a b l e 1 4 

S t r u c t u r e s r e s p o n s i b l e f o r A, B, H, Le a and Le b s p e c i f i c i t i e s 
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geneity among the chains , however, and chains at various 

stages of completion and with var iable fucose content have 

been i so la ted . This is another example of the microhetero-

geneity of g lycoprote ins , which we discussed in detail in an 

e a r l i e r l ec tu re . It explains why s ing le glycoprotein mole

cules possess d i f fe ren t s p e c i f i c i t i e s : glycoproteins from A 

or B ind iv idua l s , for example, may have var iab le amounts of 

H, Lea or Leb determinants in addition to A or B and type 

XIV pneumococcal determinants. P rec ip i t a t i on experiments 

with speci f ic an t i se ra ind ica te t ha t the various determinants 

are present on the same molecule. As to the s t ruc tu re of the 

polypeptide backbone of the blood group act ive glycoprotein, 

very l i t t l e is known. 

In pass ing, b r i e f mention should be made of the glyco-

l ip id antigens with ABH and Lewis s p e c i f i c i t i e s (4). These 

have been inves t iga ted mainly by T. Yamakawa in Japan, S. I. 

hakomori and his coworkers in Japan and the U.S. , and J. Kos-

cielak and his group in Poland. Unfortunately, no good method 

exis ts for the separat ion of g lycol ip lds from mixtures with 

s imilar s t r u c t u r e s . The d i f f i c u l t y increases as the carbo

hydrate chain length and complexity of the molecule inc rease . 

Moreover, blood group ac t ive glycolipids are only very minor 

const i tuents of the erythrocyte membrane, and are not found 
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in large quantit ies elsewhere in the body in s p i t e of t h e s e 

enormous d i f f i cu l t i e s , it has been recent ly e s t a b l i s h e d Uiat 

they occur as families of compounds which d i f f e r in t h e i r 

glucosamine content. From blood type 0 e ry th rocy t e s , a g l y 

colipid fraction was obtained showing inh ib i t ion of hemmaglu-

tination caused by the H-specific lectin of Ulex europeus 

and the precipi ta t ion of Leb and H-specif ic g lycopro te ins by 

the i r immune an t i se ra . Several H-act ive g lyco l ip id s have 

heen isolated from th i s fract ion. The s t r uc tu r e of one of 

these is as follows: 

In these compounds, the glucose is g lycos id ica l ly l inked to 

the terminal hydroxyl of ceramide (N-acylsphingosine) which 

has the following s t ruc tu re : 

The N-acyl group can be one of several d i f ferent f a t t y a c i d s . 

Similar glycol ipids , with A and 15 a c t i v i t i e s , were 

isolated from A and B erythrocytes , r espec t ive ly . As e x p e c t 

ed, the A active glycolipids contained N-ace ty lga lac tosamine 
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l i n k e d ά - ( l 3) to the terminal n o n - r e d u c i n g g a l a c t o s e of 

t h e H - g l y c o l i p i d , whereas t h e B a c t i v e g l y c o l i p i d c o n t a i n e d 

a Gal -ά-(1 -3) grouping i n s t e a d . I t i s i n t e r e s t i n g t h a t t h e 

blood group a c t i v e g l y c o l i p i d s c o n t a i n g l u c o s e , and t h a t t h e y 

have the Type 2 r a t h e r t h a n Type .1. g r o u p i n g . 

C h a r a c t e r i z a t i o n of Lewis glycolipids from human 

e r y t h r o c y t e s had n o t been done u n t i l r e c e n t l y . Le a and Le b 

a c t i v e g l y c o l i p i d s a r c p r e s e n t i n serum, and t h e r e i s e v i d 

ence t h a t t h e Lewis a n t i g e n s a r e a c q u i r e d from the plasma 

by a d s o r p t i o n . 
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BLOOD GROUP SUBSTANCES - 11 : 

GENETIC CONTROL AND BIOSYNTHESIS 

Family s tud ies over the pas t 60 years have shown 

that the inher i tance of ABO(H) and Lewis blood types, and 

hence the a b i l i t y to form the s t r u c t u r e s shown in Table 14, 

is control led by the action of genes at four independent 

l oc i : the ABO, the Lele, the Hh, and the S e s e l o c i . The 

small proportion of cases ( less than 1%) which are inconsis-

tent with th i s conclusion can be reasonably ascribed to 

i l l eg i t imacy, technical e r rors in typing or possibly muta-

t i ons . When, in the l a t e 1950's , the chemical re la t ionsh ip 

between the s t r u c t u r e s responsible for the d i f ferent blood 

types was emerging, W. M. Watkins and W. T. J. Morgan propo-

sed t ha t these genes were not responsible For the production 
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of the e n t i r e de terminant but only for the format ion of 

enzymes t h a t a t t a c h the o u t e r or immunodominant s u g a r s to a 

central "precursor" chain common to all p h e n o t y p e s . These 

enzymes act s e q u e n t i a l l y , t h e product of one be ing t h e s u b 

s t r a t e for the n e x t , and as each sugar is added a new s p e c 

i f i c i t y emerges while t h e under ly ing s p e c i f i c i t y i s s u p p r e s 

sed. A s i m i l a r scheme based on s e r o l o g i c a l and g e n e t i c e v i 

dence o b t a i n e d from family s t u d i e s was proposed at the same 

time by R. C e p p e l l i n i . Recent work has p r o v i d e d abundant 

proof for t h e c o r r e c t n e s s o.f these p r o p o s a l s ; t h e p r e s e n c e 

or absence of four s p e c i f i c glycosyl t r a n s f e r a s e s in i n d i v i d 

uals belonging to d i f f e r e n t blood groups agrees f u l l y with 

t h e i r p r e d i c t e d occurrence bused on genotype ( 1 , 2 ) . 

The ABO locus is r e s p o n s i b l e for two enzymes: an 

N - a c e t y l g a l a c t o s a m i n y l t r a n s f e r a s e s p e c i f i e d by t h e A gene 

and a g a l a c t o s y t r a n s f e r a s e s p e c i f i e d by t h e B gene. Both 

enzymes t r a n s f e r the a p p r o p r i a t e hexose to g a l a c t o s e ( s u b s t i -

tu ted on i t s C-2 by L-fucose) and form α-(1 3) l i n k a g e s . The 

t h i r d gene at the ABO l o c u s , the 0 gene, i s i n a c t i v e and 

does not produce a funct ional g l y c o s y l t r a n s f e r a s e . The Lele 

locus produces one ensyme, a f u c o s y l t r a n s f e r a s e s p e c i f i e d 

by the Le gene t h a t t r a n s f e r s L-fucose to N-acetylglucosamine 

and forms α-(1 4) l inkages . The le gene is i n a c t i v e . The 
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Hh locus is responsible for a second fucosy l t rans ferase t h a t 

transfers L-fucose to galactose to form α-(1 2) l inkages. 

The H gene spec i f i e s t h i s fucosy l t rans ferase , while i t s 

a l l e l e , the h gene, i s i n a c t i v e . 

The Sese locus does not specify an enzyme but in an 

unknown way is necessary for the expression of the H gene 

(in this sense, the formation of the fucosyltransferase 

specified by the H gene) in c e r t a i n organs but not in o t h e r s . 

The presence or absence of the fucosyl t ransferasc specif ied 

by the H gene in secretory organs is the basis for their a b i l i t y 

to secre te glycoproteins that exhib i t A, B, or H s p e c i f i c i t i e s . 

As shown in Table 14, the determinants of all three s p e c i f i c 

i t i e s contain L-Fuc-α-(1 2) -Gal groupings. The 80% of the 

population whose secre t ions contain g lycoproteins with A, B, 

or H a c t i v i t y possess an Se gone and arc known as ' " sccrotor s " . 

The remaining 20%, the " n o n - s e c r e t o r s " , have the genotype 

sese; t h e i r secreted glycoproteins lack A, B, or H s p e c i f i c i t y . 

The Se gene does not control the formation of the fucosyltran

sferase s p e c i f i e d by the H gene in the t i s s u e t h a t forms the 

red blood c e l l s , and i t s absence does not a f fect the formation 

of A, B, or H determinants of e r y t h r o c y t e s . The Se gene does, 

however, af fect Lewis blood groups. Unlike the A, B, or H 

determinants, the determinants of the Lewis system on red 

http://jja.laeto.se
http://scn.se


cel ls are not integral par t s of the erythrocyte membraine b u t , 

as mentioned in the last l ec ture , they are g lycosphingol ip ids 

acquired from the serum where they c i rcu la te assoc ia ted w i th 

serum lipoproteins. The origin of scrum glycosphingol ipids 

is unknown, but clearly the organ in which they are produced 

is affected by the Se gene because of the associa t ion between 

the secretor s tatus and Lewis blood type: a l l ind iv idua ls of 

the Leb blood group are secre tors , while nonsecretors never 

belong to the Leb group. As shown in Table 14, the f u c o s y l -

transferase specified by the H gene is required for the s y n 

thesis of the Leb determinant. 

As pointed out e a r l i e r , i t is s t i l l unse t t l ed whether 

the A, B and H determinants on erythrocytes are g l y c o l i p i d s , 

glycoproteins or both. Although glycolipids with A, B, and 

H ac t iv i ty have been isola ted from erythrocytes , t h e i r l e v e l s 

appear too low to account for a l l the antigenic s i t e s . It is 

possible that membrane-bound glycoproteins arc mainly r e s p o n s 

ible for the A, B, and H reac t iv i ty of e ry throcytes . However, 

uncertainty as to the nature of the erythrocyte de te rminants 

is not important for the understanding of the genet ic c o n t r o l 

of t he i r biosynthesis: the glycosyltransferases spec i f i ed by 

the genes that determine the blood typos are involved in t h e 

synthesis of the carbohydrate chains of both g lycoi ip ids and 
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glycoproteins. For example, the glycosyltransferase specif

ied by the A gene forms the GalNAc-α-(l 3) -Ga1 sequence shown 

in Table 14. In people who 

have blood type A, t h i s se

quence occurs in g l y c o l i p i d s , g lycoprote ins , and also in the 

free o l i g o s a c c h a r i d e s of milk and u r i n e . The same sequence 

is not found in s i m i l a r material fron people with blood type 

B or O. Since blood type A is determined by one gene, it 

follows t h a t the same g l y c o s y l t r a n s f e r a s e , the one speci f ied 

by the A gene, synthes izes GalNAc-α-(1 3) -Gal s t r u c t u r e s in 

both g lyco l ip ids and g lycoprot

e ins as well as in free o l i g o 

saccharides . 

GLYCOSYLTRANSFERASES SPECIFIED BY THE BLOOD GROUP 
GENES 

Final p r o o f f o r t h e p o s t u l a t e d scheme o f t h e b i o s y n 

t h e s i s o f t h e bJood group d e t e r m i n a n t s and i t s g e n e t i c c o n t r o l 

was o b t a i n e d when V. Ginsburg at t h e NIH and W. M. Watkins in 

London i s o l a t e d t h e presumed g l y e o s y l t r a n s f e r a s e s and s t u d i e d 

t h e i r p r o p e r t i e s and d i s t r i b u t i o n . These f i n d i n g s have a l s o 

p r o v i d e d s t r i k i n g e v i d e n c e f o r t h e c o r r e c t n e s s o f t h e "one 

gene - one enzyme" h y p o t h e s i s p r o p o s e d by G. W. Beadle and 



E. L. Tatum in t h e early 1 9 4 0 ' s . 

In o r d e r to d e t e c t s p e c i f i c g l y c o s y l t r a n s f e r a s e s , 

s u i t a b l e o l i g o s a c c h a r i d e s should be used. Here aga in milk 

o l i g o s a c c h a r i d e s proved o f p r i n a r y importance s i n c e t h e i r 

s t r u c t u r e corresponds to those of incomplete b lood group 

determinants (see Tables 13 and 14). Moreover, t h e r e a c t i o n 

products o b t a i n e d by enzymic t r a n s f e r of sugar r e s i d u e s to 

milk o l i g o s a c c h a r i d e s arc s imple and can be c h a r a c t e r i z e d 

chenical ly. Using milk o l i g o s a c c h a r i d e s as a c c e p t o r s , and 

d i f f e r e n t sugar n u c l e o t i d e s a s donors, g l y c o s y l t r a n s f e r a s e s 

s p e c i f i c for t h e s y n t h e s i s of A, B, H, and Le s u b s t a n c e s 

were found in human milk, in serum, g a s t r i c mucosal, l i n i n g s 

and in submaxi l lary g l a n d s . More r e c e n t l y , g l y c o p r o t e i n s 

( e . g . c e r t a i n pig s u b m a x i l l a r mucins) have been shown to 

serve as a c c e p t o r s f o r the at tachment of blood type s p e c i f i c 

sugars by these enzymes. Of s p e c i a l s i g n i f i c a n c e is t h e 

f inding t h a t t h e g l y c o s y l t r a n s f e r a s e s can convert b lood 

group 0 e r y t h r o c y t e s i n t o A or B type, when t h e s u i t a b l e 

enzyme and glycosyl donor are used. 

THE H GEME ENZYME. The H gene s p e c i f i e s a f u c o s y l t r a n s f e r 

ase t h a t c a t a l y z e s t h e fol lowing r e a c t i o n : 

H enzyme 
GDP-L-Fuc + Gal-β-(1 ) > L-Fuc-α-(l 2) - β - (1 ) + GDP 
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The enzyme has been detected in milk and submaxillary gland 

preparat ions from s e c r e t o r s but not in s i m i l a r preparat ions 

from non-secre tors , as both the mammary and submaxillary 

glands are under the control of the Se gene. The presence 

or absence of t h i s enzyme in secretory organs is the biochen-

ical basis for s e c r e t o r s t a t u s . Most indiv iduals have an 

H gene, whereas the few who do not ( the hh genotype) belong 

to the "Bombay" phenotype; they are presumably unable to 

form the H enzyme in any t i s s u e and are unable to synthesize 

any of the s t r u c t u r e s in Table 14, except the Le a -act ive 

s t r u c t u r e , and then only if they posses the Le gene. Their 

erythrocytes are devoid of H-act ive s t r u c t u r e s . 

THE Le GENE ENZYME. The Le gene s p e c i f i e s a fucosyl trans-

ferase t h a t cata lyzes the fol lowing r e a c t i o n : 

Lewis enzyme 

GDP-L-Fuc + . . .Gl cNAc-β-(1 ) > . . Gl cNAc-β-(1 ) + GDP 
4 

L-Fuc-α-1 

The enzyme has been found in donors belonging to blood 

group Lea or Leb but not in donors who belong to n e i t h e r 

group, the "Lewis negative 1 ' phenotype. Since both Lea and 

Le b determinants contain L-Fuc-α-(1 4) - Gl cNAc groupings 

(see Table 14) , it follows t h a t i n d i v i d u a l s who are "Lewis 

negative" (about 7% of the population) would be unable to 
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make e i t h e r s t ructure . 

This glycosyltransferase can also t r a n s f e r L-fucose 

to a glycoprotein without blood group a c t i v i t y to y i e l d a 

product precipitable with anti-Le a sera. 

THE A GENE ENZYME. The A gene specifies an N - a c e t y l g a l a c t o -

saminyltransferase t h a t catalyzes the following r e a c t i o n : 

The enzyme is present in donors with an A or AB blood type 

and is absent from donors with B or O blood type. It has a 

s t r i c t acceptor requirement in that i t wi l l t rans fe r N - a c c t y l -

galactosamine to galactose only i f the galactose is s u b s t i t 

uted on the 2 position with L-fucose. This s t r i n g e n t s p e c 

i f i c i t y explains why the Se gene not only controls the f o r 

mation of H-active glycoproteins but also of A-active (and 

B-active) glycoproteins as well. Individuals with blood 

type A who do not have the Se gene have normal levels of 

the A enzyme. Nevertheless, they are not able to s y n t h e s i z e 

A-active soluble glycoproteins because the necessary L-Fuc-

α-(1 2)-Gal grouping required by the A enzyme for the a c c e p t o r 

is mis s ing from t h e i r secreted glycoproteins. S imi lar ly , t h e 

absence of an H gene can modify the expression of the A or B 
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gene: i n d i v i d u a l s b e l o n g i n g to the "Bombay" b lood group 

canno t make A or B d e t e r m i n a n t s on t h e i r red c e l l s , even 

though t h e y may p o s s e s s the A o r B gene , and thus a l s o the 

c o r r e s p o n d i n g g l y c o s y l t r a n s f e r a s e s . 

Of s p e c i a l i n t e r e s t i s the i n a b i l i t y o f l a c t o - d i f u c o -

tetraose and l a c t o - N - d i f u c o h e x a o s e I to accep t N-acetylgal-

a c t o s a m i n e when i n c u b a t e d with t h e A gene enzyme, even 

though t h e i r p e n t u l t i m a t e g a l a c t o s y l r e s i d u e s a r e s u b s t i t u t e d 

on t h e 2 p o s i t i o n w i t h L- fucose . P resumably , the second 

L-fucose residue on the adjacent, sugar sterically hinders 

the enzyme. Lacto-difucotetraose and lacto-N-difucohexaose I 

r esemble t h e Le b d e t e r m i n a n t ( see T ab l e s 13 ,14) and a re po ten t 

h a p t e n i n h i b i t o r s o f t h e a g g l u t i n a t i o n of Le b e r y t h r o c y t e s by 

a n t i - L e b s e rum. I t i s p r o b a b l e t h a t once L e b - a c t i v e s t r u c 

t u r e s a r e formed in vivo, t h e y w i l l p e r s i s t as they cannot 

a c t a s a c c e p t o r s f o r f u r t h e r a d d i t i o n o f s u g a r s . I f t h i s i s 

t r u e , t h e f o r m a t i o n o f t h e s t r u c t u r e p ropos ed for the 

A determinant, 

would i n v o l v e a s t r i c t sequence of a d d i t i o n of t h e t h r e e 

t e r m i n a l s u g a r s a s d i c t a t e d b y enzyme s p e c i f i c i t i e s . F i r s t , 

L- fucose would be added t o t h e g a l a c t o s e ; then N - a c e t y l g a l -



actosamine would be added to t h e same galactose; and f i n a l l y , 

t h e second L-fucose would be added to N - a c e t y l g l u c o s a m i n e . 

The differences between blood group A1 and A2 is n o t 

yet c l e a r . E a r l i e r no d i f f e r e n c e was found between t h e A 1 

or A 2 enzymes in v i r t ro , i n c l u d i n g t h e i r a b i l i t y to add 

N - a c e t y l g a l a c t o s a m i n e t o o l i g o s a c c h a r i d e s wi th t h e f o l l o w i n g 

s t r u c t u r e s : 

Type 1 

and Type 2 

Recent d e t a i l e d k i n e t i c studies by H. S c h a c h t e r and 

his coworkers (Al) of t h e N - a c e t y l g a l a c t o s a m i n y l t r a n s f e r a s e s 

in human serum, revea led a lower a c t i v i t y of the t r a n s f e r a s e 

in serum from A2 donors than in serum from A1 d o n o r s . A l s o , 

the Michael i s c o n s t a n t s , c a t i o n requirements and pH o p t i m a 

of the A1 1 and A2-gene-specified enzymes, wi th 2 ' - f u c o s y l -

l a c t o s e (containing t h e sequence Ga1-β-(l 4) -G1c) and l a c t o -

N-fucopenraose 1 (with the G a l - β - ( ( l 3)-GlcNAc sequence) as 

s u b s t r a t e s , were d i f f e r e n t . No a b s o l u t e d i f f e r e n c e in s p e c i -

f i c i t y between t h e two s u b s t r a t e s was, however, o b s e r v e d . 

These r e s u l t s a r c compatible with t h e view t h a t t h e 
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As the A gene and the B gene are a l l e l e s , the primary 

s t ruc tu re of the two enzymes may he q u i t e s imi l a r . Thc 

th i rd allele at the ABO locus , the O gene, is i n a c t i v e , 

presumably producing a non-functional A or H "enzyme". 

Figure 46. Genetic control of the synthesis of the A,B,H 
and Lewis (Lea and Leb) blood group determin-
ants of Type 1. 

The action of the four enzymes described above is 

summarized in F ig . 46. The carbohydrate s t ruc tu res tha t 

they form are depicted, along with the i r associated s e r o l o -

gic a c t i v i t y . Clearly, these determinants of blood type 

are secondary gene products , in tha t the primary gene pro-

ducts are the enzymes and it is these enzymes, working in 



concert , that determine which s t ruc tu r e s are formed. This 

mechanism of synthes is has an important b io logica l conse-

quence: it provides a biochemical explanation for antigens 

produced by "gene i n t e r a c t i o n " - t ha t is to say, antigens 

present in a hybrid t h a t are not found in e i t h e r paren t . 

The leb antigen is one of these. From family s t u d i e s , 

Ceppellini proposed tha t the leb ant igen was an in t e rac t ion 

product of two genes which, according to Watkins and Morgan, 

are the Le. and the H, as w e l l as the Se genes (the l a t t e r , 

you wil l r e c a l l , controls the expression of the H gene) . As 

shown in Fig. 46, both genes are necessary to produce the 

two fucosyl t ransferases required for the synthesis of the 

Leb antigen. A child who inher i t ed Le and H genes from one 

parent who happened to have the genotype sese, and an Se 

gene from the other parent who happened to have the genotype 

Iele, would synthesize a s t ruc tu re t h a t n e i t h e r parent could 

make alone. The whole system resembles the complex i n t e r 

action of genes tha t determine the numerous s p e c i f i c i t i e s of 

the ce l l wall antigens (O-specific polysaccharides) of the 

Salmonella, to be discussed l a t e r on in t h i s course. There 

are other repor t s of i n t e rac t ion of genes r e s u l t i n g in new-

cel1 ant igens. 

The formation of unique carbohydrate s t ruc tu res by 
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the c o n c e r t e d a c t i o n o f g l y c o s y l t r a n s f e r a s a s e s p r o v i d e d by 

both p a r e n t s may be a f a c t o r in the e x p r e s s i o n of i n d i v i d u 

a l i t y . These s t r u c t u r e s would r e f l e c t not o n l y t h e v a r i o u s 

g l y c o s y l t r a n s f e r a s e s t h a t a r e p r e s e n t b u t , because t h e 

r e a c t i o n s a r e c o m p e t i t i v e , tlicy would a l s o r e f l e c t t h e r e l a 

t i v e a c t i v i t i e s of t h e s e enzymes us w e l l . For example, as 

Mentioned above, t h e A gene enzyme and t h e B gene enzyme 

probably cannot use as a c c e p t o r s those c a r b o h y d r a t e c h a i n s 

t h a t c o n t a i n L - F u c - α - ( l 4) -GlcNAc g r o u p i n g s . l f t h e l e v e l 

of t n c Le gene enzyme t h a t makes t h i s grouping is high 

r e l a t i v e to t h e H gene enzyme, i t i s c l e a r f ron Fig 46 t h a t 

more Lea and Leb d e t e r m i n a n t s would be formed t h a n A, B, or 

H d e t e r m i n a n t s . I f t h e Le gene enzyme is l e s s a c t i v e than 

t h e H gene enzyme, t h e r e v e r s e would be t r u e . Coupled with 

the enzyme s p e c i f i c i t y o f subsequent s t e p s , c o m p e t i t i o n o f 

t h i s t y p e would t e n d t o g e n e r a t e h e t e r o g e n e i t y among the 

c a r b o h y d r a t e c h a i n s o f g l y c o p r o t e i n s and, a long w i t h t h e 

i n c o m p l e t e s y n t h e s i s o f t h e s e c h a i n s , would c o n t r i b u t e t o 

t h e m u l t i p l e b lood group s p e c i f i c i t i e s t h a t a r e e x h i b i t e d 

by s i n g l e g l y c o p r o t e i n m o l e c u l e s . . 

BLOOI) GROUP M AND N SPECIFICITIES AND THE MAJOR 
GLYCOPROTEIN OF THE HUMAN ERYTHROCYTE MEMBRANE 

The second human b lood group system, t h e MN sys tem, 
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was discovered by Landsteiner and Levine in 1927. The M and 

N antigens are found only on the erythrocyte membrane, arid 

not in soluble form, in serum or in s ec re t i ons . They were 

f i r s t detected by ant isera obtained by immunizat ion of rab

b i t s with human red blood c e l l s , and subsequently by plant 

l e c t i n s , .such as tha t from Vicia graminea which possesses 

anti-N a c t i v i t y . 

The f i r s t ins ight into the chemical nature of the M 

and N: s p e c i f i c i t i e s came from the observation made by 

G. Springer in 1958 that neuraminidases from influenza virus 

or from Vibrio cholerae abolished the M and N act iv i t i e s of 

human erythrocytes in addition to destroying t h e i r influenza 

virus receptor a c t i v i t y . I t was concluded tha t s i a l y l r e s 

idues serve not only as receptor s i t e s for the influenza 

virus hemagglutinin, but are also e s s e n t i a l for the M and .\ 

a c t i v i t i e s . 

Incubation of erythrocytes with p r o t e o l y t i c enzymes, 

such as t rypsin or pronase, re leases most of t h e i r carbohyd

ra te in the fonn of a small number of glycopeptides (molecu

lar weights of up to 10,000) without impairing tho i n t e g r i t y 

of the membrane. Among the released glycopeptides are the 

M and N ant igens . Much of our knowledge of the M and N det 

erminants is based on s tudies of such t r y p t i c fragments, as 
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wel l as of t h e m a j o r g l y c o p r o t e i n of t h e human e r y t h r o c y t e 

membrane, a l so known as glycophorin. (3) . These s t u d i e s , 

c a r r i e d out dur ing the l a s t decade in a. number of l a b o r a 

t o r i e s in Poland., Gernany and the U . S . , have e s t a b l i s h e d 

tha t the M and N receptors are oligosaccharide cons t i tu t en t s 

of glycophorin. This glycoprotein also ca r r ies the recep

tors for influenza v i rus , as well as for a number of l e c t i n s , 

I shall therefore leave the M and N substances for a shor t 

while, Lo summarize our present views of th i s important gly

coprotein and i t s place in the membrane. 

'The human erythrocyte membrane (4,5) consis ts by 

weight of 52% protein, 40% lipid and 8% carbohydrate. It 

contains at Least half a dozen glycoproteins , which carry 

over 90% of i t s carbohydrate, the r e s t being in the for:n of 

glycosphingolipids . The glycoproteins can be so lub i l i zed by 

the use of aqueous phenol, aqueous pyr id ine , sodium dodecyl-

su l fa te or l i thium d i iodosa l i cy la t e . The major g lycoprote in , 

glycophorin, comprises about 5% of the t o t a l protein of the 

erythrocyte membrane, and contains about 80% of the membrane 

s i a l i c ac id . It was i so la ted from membrane ext rac ts f i r s t 

by conventional methods, and very recent ly also by a f f i n i t y 

chromatography on a column of wheat germ agglutinin bound to 

Sepharose (A2) . Pur i f icd glycophorin cons i s t s , by weight, 
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of about 40% protein and 60% carbohydrate (.including 25% 

N-acetylneuraminic ac id ) . Glycophorin readi ly undergoes 

aggregation and is usually i s o l a t e d in a highly aggregated 

form with an apparent molecular weight, of ~ 400,000. 

Because of t h i s , and the fact t ha t estimation of the mole

cular s ize of highly glycosylated prote ins is subject to 

many errors (in pa r t i cu l a r when polyacrylamide gel e l e c t r o -

phoresis is used for t h i s purpose; see pp.51-52) , d i f fe ren t 

values for the molecular weight of glycophorin appeared in 

the l i t e r a t u r e . It aov.: appears ce r ta in that, in i t s disagg

regated form, glycophorin has a molecular weight of 29,000 

(A2), in excellent agreement with the value of 31,000 report 

ed by R. H. Kathan and R. J. W.inzler in 1963. On th is b a s i s , 

the protein moiety of glycophorin consis ts of 131 amino ac ids , 

and it car r ies about 100 sugar r e s idues . Each huir.au e ry th ro

cyte thus contains about 500,000 molecules of t h i s glycopro

te in . The complete amino acid sequence and the oligosaccli

aridc attachment s i t e s of glycophorin have recent ly been 

determined in the laboratory of V. T. Marchesi at Vale 

University. 

The carbohydrate of glycophorin is arranged in 16 

oligosaccharide chains tha t arc a t tached to the polypeptide 

backbone e i ther by 0-glycosidic l inkages to ser ine or t h r e -

http://huir.au
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onine residues (15 chains), or by N-glycosidic ] linkages to 

asparagine residues (one chain). The O -g lycos id ica l ly 

linked uni t s were previously isola ted as reduced o l igosacch

ar ides af ter alkaline borohydride treatment of the glyco

pro te in , or of M and N active glycopeptides obtained from 

trypsin digests of the erythrocyte membrane The l a rge s t 

oligosaccharide thus released was a t e t rasacchar ide (Fig. 

4 7 [ 1 ] ) . Upon pronase digestion of the glycopepeptides remain-

ing a f t e r the alkaline borohydride treatment, a number of 

low molecular weight glycopeptides was i so la ted . In one of 

these the branched carbohydrate s t ruc ture given in F i g . 

47[2] was found. 

http://asparu.gi.ne
http://mer.ibra.nc
http://gl.ycopcpf.ides
http://borohydri.de
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All the carbohydrate units are linked to the N- terminal 

half (approximately 64 residues) of the s ing le polypeptide 

chain of glycophorin, and are exposed to the external envir -

onment of the c e l l . Their s i a l i c acid residues contr ibute 

to the high negative charge of the erythrocyte surface, the 

main function of which appears to keep the erythrocytes 

apart from one another. This arrangement makes the carbohyd

ra te chain ava i lab le to the in te rac t ion with anti-M and 

anti-N reagents , with influenza virus and with lec t ins . It 

also explains why trypsin releases from erythrocytes glyco-

peptides that bind to these agents. The C-terminal end 

(approximately 35 amino acid residues) of the polypeptide 

appears to be located internal to the l i p i d b a r r i e r of the 

membrane, and possibly extends into the cytoplasm of the 

c e l l . It has an unusually high content of hydrophil ic amino 

acids. The segment connecting these two por t ions is corcposed 

of 32 res idues , almost a l l of which are of nonpolar and 

hydrophobic amino ac ids ; apparently, t h i s segment spans the 

l i p i d region of the membrane. It is bel ieved tha t o ther 

glycoproteins are a lso arranged in the membrane in a s imi la r 

manner, extending asymmetrically across the membrane, with 

t h e i r carbohydrate moieties exposed to the external environ

ment. Models of glycophorin, with the M and N ant igens , the 

receptors for the influenza virus and for several l e c t i n s 



(PHA, WGA and the l e c t i n of the mushroom Agaricus bisporus 

have been proposed by var ious a u t h o r s . One such model is 

d e p i c t e d below (Fig. 18). I t has been c la imed t h a t g l y c o -

phor in a lso c a r r i e s the ABH blood type d e t e r m i n a n t s , bu t 

t h i s is very much in doubt. 

F igu re 48 Schematic r e p r e s e n t a t i o n of g lycophor in . I : N-Ter-
minal segment ( r e c e p t o r reg ion or e x t e r n a l . domain); 
I I : hydrophobic region ( in t ramembranous) ; I I I : C -
terminal segment ( i n t e r n a l domain) . The branched 
s t r u c t u r e s dep ic t o l igos acchar ides s i d e c h a i n s . 

W h i l e M and N blood group a c t i v i t y has c l e a r l y been 

a t t r i b u t e d t o g lycophor in , the complete s t r u c t u r e o f t h e s e 

a n t i g e n i c de te rminan t s has not ye t been f u l l y e s t a b l i s h e d . 

The o v e r a l l composi t ion of M, N and MN a c t i v e g l y c o p r o t e i n s 

or of t h e ca rbohydra te un i t s de r ived from them ( e i t h e r 

a l k a l i l a b i l e o r a s p a r a g i n e - l i n k e d ) i s very s i m i l a r . 

I d e n t i f i c a t i o n o f the immunodeterminant s t r u c t u r e o f 

t h e s e blood group subs tances has a l s o been hampered by t h e 

f a c t t h a t the i s o l a t e d o l i g o s a c c h a r i d e s lack M or N a c t i v i t y , 

and t h e g lycopep t ide s show only low a c t i v i t y . T h i s s t r o n g l y 

254 



BLOOD GROUP SUBSTANCES II 

suggests that the peptide portion of the glycoprotein plays 

a major ro le in the interaction or the M and X blood group 

substances with the corresponding antibodies. Indeed, block

ing of the amino groups of the erythrocyte glycoprotein re

sul t s in complete loss of i t s M and N specif icity. It is 

also well established that the M and N act iv i t ies of glyco-

phorin or of Isolated glycopeptides, are highly dependent on 

the i r s t a t e of aggregation, both act iv i t ie s being the highest 

for the la rges t molecules or molecular aggregates. This is 

also true for the infleunza virus inhibitory activity of the 

same substances. 

Based on enzymic degradation studies and serological 

experiments, Springer has recently put forward a structure 

for the human group M and N antigens (A4). According to his 

model, the M determinant contains two s i a l i c acid residues, 

both linked to β-galactosyl units ; in the N determinant, one 

of the s i a l i c acid residues is missing, and the specificity 

is determined by the unmasked β-galactosyl residue together 

with the remaining terminal sialyl residue: 

2.15 
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P l e a s e n o t e t h a t t h e sequence NANA-Ca1-Gal.NAc occurs 

in t h e g l y c o p e p t i d e s i s o l a t e d from g lycophor in (Fig. 47 [1]) 

The proposed s t ructure is also in agreement with other data 

on the M and N specificities. Thus, mild acid treatment of 

M substance converts it readi ly to N substance, with removal 

of only s i a l i c acid. Uncovering of the N-specific s t r u c t u r e 

p a r a l l e l s the appearance of terminal β-galactosyl res idues ; 

the removal of the l a t t e r r e s u l t s in destruct ion of N-spec 

i f i c i t y . 

According to Springer, blood group N is the immediate 

precursor of blood group M. Thus these two a n t i g e n i c spec

i f i c i t i e s are not determined by two a l l e l i c genes as was 

h i t h e r t o believed. Rather, the re la t ionship between the M 

and N genes is l ike t h a t between the AB and H genes, which 

T have discussed at length e a r l i e r . 

REFERENCES 

Review 

1. See references 2, 3 and 4 to feature12 - in particular 
the review by V. Ginsburg (ref..2) or. which much of the 
first part of lecture 13 is based. 

2. The biosynthesis of animal glycoproteins, 
II. Schachter and L. Roden, in Metabolic Conjugation 
and Metabolic Hydrolysis (Ed. W. H. Fishman), Vol.3, 
Academic Press, 1973, pp. 1 -149 . 

pp.88-101 of this excellent review deal with bio-
synthesis of blood group substances, including the 



3. Molecular features of the major glycoprotein of the 
human erythrocyte membrane, 
V. T. Marchesi, R. L-. Jackson, J. F. Segrest and 
1. Kahane, Fed. Proc. 32_, 1833-1837 (1975). 

4. The organization. of prote ins in the human red blood 
cell membrane. 
T. L. Steck, J. Cel l . Biol . 62_, 1-1.9 (1974). 

5. Membrane s t r u c t u r e : some general p r i n c i p l e s , 
M. S.Bretschcr , Science 181_, 622-629 (1973). 

Critical and provocative, contains concise and 
interesting section on erythrocyte membrane. 

Specif ic a r t i c l e s 

A.l . Q u a l i t a t i v e d i f f e r e n c e s in t h e N -ace ty l . -D-gal actosam-
inyl t r a n s f e r a s e s produced by human A1 and A2 genes , 
II. S c h a c h t o r , M. A. Michae l s , C. A. T i l l e y M.. C. 
Crooks ton and J . H. Crooks t o n , P r o c . N a t l . Acad. S c i . 
USA 70, 220-224 (1973) . 

A2. I s o l a t i o n of the r e c e p t o r s fo r wheat germ a g g l u t i n i n 
and t h e Ricinus communis l e c t i n s f ron human e r y t h r o c y t e s 
us ing a f f i n i t y chromatography, 
W. L. Adair and 3. Kornfeld , J. B i o l . Chem. 249, 4696-
4 704 (1.974). 

The wheat germ agglutinin receptor is located on the 
carbohydrate s ide chain of g l ycophor in . 

A3. The mo lecu l a r weight of t h e major g l y c o p r o t e i n from t h e 
human c r y t h r o c y t e membrane, 
5. P. Gre f ra th and J. A. Reynolds , P roc . Natl . . Acad. 
S c i . USA 71_, 3913-3916 (1974) . 

A4. Common p r e c u r s o r s of human blood group MN s p e c i f i c i t i e s , 
G.F. S p r i n g e r and P. R. D e s a i , Biochem. Biophys. Res. 
Commun.' 6 1 , 470 -475 (1974) . 



The glycoproteins t h a t I have discussed till now are 

a l l similar in that t h e i r ol igosaccharide chains are made 

up of no more than 15-20 monosaccharide u n i t s , and they do 

not contain any repeat ing ol igosacchar ide s t r u c t u r e s . 

Today I shal l deal with a spec ia l c lass of g lycopro te ins , 

the mucopolysaccharides or proteoglycans (1-6) , t h a t cons i s t 

t y p i c a l l y of a pro te in core to which are covalently l inked 

many long chain l i nea r heteropolysacchar idcs , made * 

up la rge ly of disaccharide repea t ing un i t s . In the d i s a c 

charide one sugar is always a hexosamine, e i the r glucosamine 

or galactosamine, most commonly in i t s N-acctyla ted form; 

and the other a non-nitrogeneous sugar, glucuronic ac id or 

L-iduronic acid (p .44) . Another cons t i tuent common to most 

of the mucopolysaccharides a re s u l f a t e groups, l inked by e s t e r 
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bonds to the hydroxyl groups of the i r monosaccharide con

s t i t u e n t s , and in some cases also by amide l inkages to the 

amino groups of glucosamine. By v i r tue of t h e i r carboxyl. 

and sul fa te groups, mucopolysaccharides are highly charged 

polyanions. As we sha l l see , polymers tha t do not conform 

in a l l respects to the above s t ruc tu r a l de f i n i t i ons , arc 

aJso considered as mucopolysaccharides. 

The name mucopolysaccharide, or acid mucopolysacchar

ide, was coined in the 1930's by Karl Meyer from Columbia 

University who did most of the pioneering work in t h i s f i e ld 

It. took a long time to r e a l i s e tha t mucopolysaccharides are 

indeed glycoproteins, s ince the early methods of preparation 

yielded products which contained l i t t l e or no p ro te in . To 

distinguish them from other g lycoprote ins , they are re fe r red 

to as proteoglycans and t h e i r carbohydrate chains as glyco-

sarinoglycans. However these terms have not yet gained wide 

acceptance and the name mucopolysaccharide is s t i l l much in 

use. 

Mucopolysaccharides occur in many animal t i s sues and 

f lu ids . A rich source of mucopolysaccharides is connective 

t i s sue , such as skin, hone, c a r t i l a g e and ligaments where, 

together with collagen or e l a s t i n f i be r s , they form the 

matrix or "ground substance" in which the connective t i s s u e 

ce l l s (or f ibroblasts) are embedded. Relat ively high 
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proportions of these glycoproteins are also found in a r t e r i a l 

wal ls , the umbilical, cord, the vi treous humor in t h e globes 

of the eye and in synovial f l u i d s . In some cases mucopoly¬ 

saccharides are present ins ide c e l l s , primarily in mast c e l l s 

(a special type of connective t i s s u e cell), and in c i r c u l a t 

ing cells such as granulocytes and p l a t e l e t s . Recen t ly t h e y 

have been detected in ce l l membranes as well . The p a t t e r n 

of d i s t r i bu t ion of mucopolysaccharides in the same t i s s u e 

or f luid changes with maturation and aging. D i s t u r b a n c e s in 

the normal d i s t r ibu t ion of mucopolysaccharides lead to 

serious c l i n i ca l abnormalities character izing var ious d i s 

eases of mucopolysaccharide metabolism, which I shal l , d i s c u s s 

in a l a t e r l ec tu re . Abnormalities in the level and n a t u r e of 

mucopolysaccharides occur in many other condit ions, i n c l u d i n g 

skin d i seases , rheumatoid a r t h r i t i s and ocular d i s e a s e s . 

The biological functions of mucopolysaccharides a r e 

not known with ce r t a in ty . They are presumed to ac t in s t a b 

i l i z i n g and supporting the fibrous and ce l lu l a r e l e m e n t s of 

t i s s u e s , to contr ibute to the load-bearing c h a r a c t e r i s t i c s 

of anatomical surfaces , and to serve as lub r i can t s . The 

ab i l i t y of mucopolysaccharides to fulfil these f u n c t i o n s is 

a consequence of t he i r macromolecular s t ructure and e l e c 

t r i c a l charge. These mate r ia l s form solutions with h i g h 
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viscosi ty and e l a s t i c i t y , in which each molecule occupies a 

volume that is 1,000 to 10,000 times la rger than tha t of t h e 

total volume of i t s sugar u n i t s . Such molecules tend to 

form spheres, more or l e s s f i l l e d with water, which, because 

of thei r carboxyl and su l f a t e groups, may behave as ion¬ 

cxchange resins and serve as traps for cations such as c a l 

cium. In this way, they are believed to contr ibute to t h e 

maintenance of water and s a l t balance in the body. 

In the p a s t , mucopolysaccharides wore commonly e x t r a c 

ted from t i s sues a f t e r p r o t e o l y t i c d iges t ion , which Jed to 

their i so la t ion in the form of polysaccharides l inked to 

small peptides, or by treatment with a l k a l i . The l a t t e r 

method is now rare ly used, as it leads to cleavage of the 

carbohydrate-peptide bond in most of these g lycoprote ins . 

For s tudies of the i n t ac t molecules, i t is important 

to extract the t i s sues under the mildest conditions p o s s i b l e . 

Although salt so lu t ions are most often used for th i s p u r p o s e , 

in some cases ex t rac t ion can be achieved only by using con

centrated urea, guanidinium chlor ide , or other denaturing 

agents. The case of ex t rac t ion and subsequent f r a c t i o n a t i o n 

varies considerably with the t i s s u e inves t iga ted . F r a c t i o n 

ation of the ext rac t is car r ied out by ion-exchange chromato

graphy, or by density gradient cen t r i fuga t ion . The l a t t e r 



technique is applicable for th is purpose s ince g lycopro te in 

molecules are more dense than those of non-glycosylated 

proteins (p. 49). Mucopolysaccharides can also be f r a c t i o n 

ated according to the i r polyan ionic charac ter (charge den

s i ty and moloccular weight) with the aid of quaternary ammon

ium sal ts such as cetylpyridinium chlor ide . This approach, 

developed in the 1950's, proved extremely successful and is 

s t i l l in use. 

The class i f icat ion of mucopolysaccharides is based 

mainly on the work of Karl Meyer and his a s s o c i a t e s . C u r r 

ently we distinguish at l eas t six nucopolysaccharides: h y a l 

uronic acid, chondroitin 4- and 6-sul fa te (previously known 

as chondroitin sulfates A and C, r e s p e c t i v e l y ) , dermatan 

sulfate (chondroitin sulfate B), heparin, heparan s u l f a t e 

(heparitin sulfate) and keratan sul fa te (or k e r a t o s u l f a t e ) . 

Table 15 gives the composition of the repeat ing uni ts of t h e 

polysaccharides which have been recognized so f a r . In a d d 

i t ion to thei r major sugar cons t i tuen ts , the two hexosaminos 

and the two uronic acids , mucopolysaccharides have as i n t e g r a l 

components other monosaccharides, including s i a l i c ac id , 

mannose, fucose, galactose and xylose. With the exception 

of galactose, however, these sugars are not p a r t of the 

character is t ic repeating disaccharides and occur e i t h e r as 
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side branches or as const i tuents of the speci f ic carbohydrate¬ 

prote in linkage region, which I shal l discuss in more d e t a i l 

somewhat l a t e r . Galactose is part of the repeat ing unit in 

kera tan s u l f a t e , where it is linked to N-acetylglucosamine, 

and thus occupies the posi t ion normally held by a uronic 

acid. Keratan s u l f a t e is the only compound c l a s s i f i e d as 

a mucopolysaccharide or proteoglycan which is devoid of 

uronic acid in i t s main chain. It may also contain a bran

ched heterosaccharide consist ing of s i a l i c acid, fucose, 

mannose and N-acctylgalactosamine. In t h i s , as well as some 

other r e s p e c t s , keratan sul fate is more akin to the typical 

g lycoproteins . 

Two c l a s s i c a l methods of s t ructure determination were 

responsible for most of our early knowledge of the chemical 

s t r u c t u r e of glycosaminoglycans. The oldest method is based 

on the degradation of the polysaccharide into o l igosacchar ides 

using acids or enzymes. By p a r t i a l acid hydrolysis the 

disaccharide chondrosine was i so la ted from chondroit in 

s u l f a t e as ear ly as 1914. However, the d i f f icu l ty in e luc

ida t ing the s t r u c t u r e of chondrosine was so great t h a t only 

in 1955 was it d e f i n i t e l y characterized as glucuronyl-β-

(1 3)-galactusamine. A s imilar disaccharide, glucuronyl¬ 

β-(1 3)-glucosamine (hyalobiuronic acid) was i s o l a t e d in 
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1951 from a p a r t i a l hydroiysatc of hyaluronic acid. One of 

the disadvantages of acid degradation is t ha t i t rapidly 

removes the su l f a t e groups making the determination of 

t h e i r locat ion imposs ib le . 

Application of the second method, the methyl ation 

procedure, to mucopolysaccharides, met with success only 

during the 1950's, a f ter a l l methylated der iva t ives of 

glucosamine and galactosamine, which were required as ref

erence compounds, became ava i lab le . Most op these compounds 

have been synthesized by Roger Jeanloz and h i s group at the 

Massachusetts General Hospital in Boston. An important 

advantage of methylation is that it does not cause cleavage 

or migration of the sulfate groups. Methylation studies of 

the i n t a c t mucopolysaccharides and t h e i r desulfated deriva

t ives have given conclusive evidence on the location of the 

su l fa te groups and on the s i t e s of g lycos id ic s u b s t i t u t i o n . 

Recent work, using improved me thy la t ion techniques 

coupled with gas l iquid chromatography, nuclear magnetic 

resonance, degradation by d i f fe ren t enzymes, e t c . , has led 

to a more complete character iza t ion of the s t ruc tu re of 

mucopolysaccharides, and to the recogni t ion that in many 

cases deviat ions occur from the i d e a l i z e d version of the 

simple repeat ing disaccharide p a t t e r n . I shal l now review 
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in more de ta i l the c h a r a c t e r i s t i c s of some mucopolysacchar

ides , as a basis for our d iscuss ion of the i r b iosynthes i s 

and metabol i sm under normal and pathological cond i t ions . 

HYALURONIC ACID 

Hyaluronic ac id , i s o l a t e d for the f i r s t time in a 

pure s t a t e by Karl Meyer in 1934 from bovine v i t reous humor, 

possesses the leas t complex chemical s t ruc tu re of connect

ive t i s sue mucopolysaccharides. It can be i so l a t ed i n t a c t 

from most t i s sues and f lu ids in high y ie ld without p r o t e o 

l y s i s or alkali t rea tment . In fac t , there is no conclusive 

evidence t h a t hyaluronic acid is glycoprotein. I t is never

the l e s s c l a s s i f i e d as a mucopolysaccharide because of i t s 

pronounced s t r u c t u r a l s i m i l a r i t y to the other polymers of 

this group. I have already mentioned the i so l a t i on of 

hyalobiuronic acid from i t s acid hydrolysates . Enzyme 

hydrolysis of hyaluronic acid with t e s t i s hyaluronidase , 

gave a t e t r a saccha r ide in high y i e l d , composed of two un i t s 

of N -acetylhyalobiuronic acid l inked by a 4-0-D-glucosaminyl 

bond. On the other hand, degradation of hyaluronic ac id by 

bac te r i a l hyaluronidases led to the formation of an u n s a t 

urated d isacchar ide , a de r i va t i ve of hyalobiuronic acid 

with a double bond between C-4 and C-5 in the glucuronic 
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acid residue (Fig .49) . 

Figure 49 4,5-glucuronyl- β - ( l 3)-N-acetylglucosamine 

Thus, cleavage of hyaluronic by b a c t e r i a l hyaluronid-

ases occurs not by hydrolysis but by a process of elimina-

t ion and these cnzymes are therefore c l a s s i f i e d as e l iminases . 

I t i s i n t e r e s t i n g that a s imi lar unsaturated disaccha-

r ide (in which N-acetylglucosamine is replaced by N-acetyl-

galactosamine} has been obtained by degradation of chondroi-

t in 4-sul fate, chondroit in 6-sul fate and of dermatan s u l f a t e , 

by bac ter ia l enzyme preparat ions possessing both eliminase 

and sul fatase a c t i v i t i e s , thus e s t a b l i s h i n g the close s t r u c 

tural r e l a t i o n s h i p between these mucopolysaccharides and 

hyaluronic acid. 

On the b a s i s of these and o t h e r experiments, it has 

been establ ished t h a t hyaluronic acid is made up exclus ively 

of repeating GlcUA-β-(l 3) -GlcNAc u n i t s , l inked by β-(1 4) 

bonds. In some of i t s p r o p e r t i e s , hyaluronic acid is unique 
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aMong the mucopolysaccharides. As already mentioned, it is 

not cer ta in at a l l whether i t contains covalent ly- l inked 

p ro te in . It is also the only mucopolysaccharide tha t is 

not l i m i t e d to animal t i s s u e s , but is produced by some s t r a ins 

of bac te r ia as well . Another property which d i s t ingu ishes 

hyaluronic acid from the other polymers of th i s c lass is the 

length of i t s chains, which may reach a molecular weight, of 

several mi l l ions , as compared to 10-50,000 for the carbohydrate 

s ide chains of most other mucopolysaccharides. 

The polyelect rolyte character of hyaluronic ac id , the 

large volume it occupies in solution (1 g of hyaluronic acid 

occupies in water a volume or about 1 l i t r e , so tha t no other 

macromolecules can dissolve in i t ) and i t s enormous molecular 

length , a l l contribute to i t s being a remarkable shock absor

be r , as in jumping, protect ing the surface layers of the 

j o i n t s . Recent evidence, based mainly on X-ray d i f f rac t ion 

s tudies of hyaluronic acid f i lms, indicates that t h i s polymer 

chain may for:n a double he l ix s t r u c t u r e . 

CH0NDROITIN SULFATES 

The chondroitin su l fa tes are the most abundant muco

polysaccharides in the body, and occur both in s k e l e t a l and 

sof t t i s s u e . Much of our knowledge of the s t ruc tu re and 
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metabolism of mucopolysaccharides is derived from studies of 

chondroitin 4 - s u l f a t e , the f i r s t su l fa ted compound of t h i s 

class to be i so l a t ed in a pure s t a t e from c a r t i l a g e . 

The repeat ing disaccharide u n i t of chondroitin 4 - su l fa te 

is composed of glucuronic acid and N-acetylgalactosamine -4-

su l fa te and has the s t r u c t u r e shown in Fig. 50. 

Figure 50 Structure of the repeating disaccharide unit of 
chondroitin 4 - s u l f a t e . 

Chondroitin 6-sul fa te has a carbohydrate s t ruc ture ident ica l 

to t h a t of chondroitin 4 - s u i f a t e , but the su l fa te group is 

Located on C-6 of the N-acetylgalactosamine moiety. Each 

polysaccharide chain contains between 30 and 50 such d isac

charide u n i t s , corresponding to a molecular weight of 

15,000-25,000. 

Sometimes deviat ions from the idea l ized s t ruc tu re in 

Fig. 50 occur, and careful analyses of products of enzymic 

degradation have revealed the presence of a small proport ion 

of unsulfated disaccharide uni ts in many chondroitin su l fa te 
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prepara t ions . Oversulfat ion is also observed, with the e x t r a 

su l fa te e i the r on the glucuronic acid or on the ga lac tosamine . 

Another type of s t ructura l , heterogeneity is the occurrence of 

hybrid molecules containing both 4 -sulfated and 6 - s u l f a t e d 

galactosamine residues . 

THE LINKAGE REGION (5) 

Neither of the two components of the r epea t ing 

disaccharide mediates the linkage of the chondroitin. s u l f a t e 

chains to p ro te in . Mainly due to the work of Lennart Roden 

and his col labora tors at the University of Chicago, t he 

s t r u c t u r e of the linkage region between chondroitin 4 - s u l f a t e 

and the p ro te in moiety is now well character ized. Unlike t h e 

main par t of the chain, which is digested by hya lu ron idase , 

the linkage region is r e s i s t a n t to the action of t h i s enzyme. 

It was therefore possible to isolate the linkage reg ion by 

gel f i l t r a t i o n of the degradation products obtained by hyal -

uronidase digest ion of proteoglycans (containing chondro i t in 

su l fa te ) followed by p ro teo lys i s (or a l t e r n a t i v e l y , us ing 

p ro t eo ly t i c enzymes f i r s t , and then hyaluronidase) ( F i g . 5 1 ) . 

The s t ruc tu re of the i s o l a t e d linkage region was e s t a b l i s h e d 

with, the aid of spec i f i c enzymes and comparison with, d e r i v 

a t ives of known s t r u c t u r e (Pig. 52). 
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Figure 51 Alternative pathways for the enzyme degradation of 
chondioit in s u l f a t e (CS). From ref.5. 

Figure 52 Carbohydrate-peptide linkage region of 
chondroitin 4 -sulfate. 

It was found that the terminal sugar, xylose, is linked to 

the hydroxyl of serine by an 0-glycosidic linkage, which is 

alkali labile. The specific carbohydrate-protein linkage 

region also contains two galactose residues and one glucur

onic acid, after which the f i r s t repeating disaccharide unit 

follows. 

The same linkage region has also been found in 
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chorulroitin 6-sulfate, dermatan su l fa te , heparin and heparan 

s u l f a t e . 

KERATAN SULFATE 

In proteoglycans from adult mammalian c a r t i l a g e , 

chondroitin sulfate is always accompanied by keratan s u l f a t e . 

The l a t t e r unusual proteoglycan appears to be exclusive to 

car t i l age , invertebral discs (nucleus pulposus) (up to 10% 

dry weight in humans) and cornea. Keratan s u l f a t e does n o t 

contain uronic acids, and i t s repeating d i a c c h a r i d e u n i t 

is composed of a l ternat ing galactose and N-acetylg lucosamine 

residues linked β-(1 4) and β-(1 3), r e s p e c t i v e l y . This 

repeating sequence is sulfated to various degrees at the C-6 

posit ion of both sugar res idues. Other sugars t h a t appear 

to be components of certain keratan s u l f a t e s are fucose, 

mannosc, s i a l i c acid and N-acetylgalactosamine, but t h e i r 

exact location in the proteoglycan molecule is unknown. 

The linkage to protein of corneal and of c a r t i l a g e keratan 

sul fates i s different. In corneal keratan s u l f a t e i t i s 

s table to a lka l i , and appears to be a glycosylamine l i n k a g e 

between glucosamine and asparagine; in c a r t i l a g e a major i ty 

of the linkages are the a l k a l i l a b i l e 0-glycosidic bonds 

between N-acetylgalactosamine and the hydroxyl of s e r i n e or 
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of threonine (A1, A2 ). 

STRUCTURAL HETEROGENE ITY OF REPEATING DISACCHARIDE 
UNITS 

Whereas the s t r u c t u r e s of hyaluronic acid and the 

chondroitin s u l f a t e s are now well e s tab l i shed, cer ta in 

other polysaccharides are more complicated and present 

problems, some of which are s t i l l under act ive invest iga

t i o n . 

Heparin, discovered in 1916, is a p a r t i c u l a r case 

in point (Table 15). This mucopolysaccharide, i so lated 

usually from lung, is probably the only polymer of t h i s 

group which is not commonly present in connective t i s sue . 

Moreover, it possesses a wide var ie ty of b iological ac t iv

i t i e s , of which the anticoagulant and the anti l ipemic 

ef fects are bes t known. Not long ago, heparin was regarded 

as a glucuronic acid-glucosamine polymer in which both the 

uronidic and hoxosaminidic linkages were of the α config

urat ion, and where a l l the amino groups were sul fated. How

ever, our view of the s t r u c t u r e of t h i s polysaccharide has 

undergone a remarkable change over the past ten years . 

In 1962, J. A. Cifonoll i and A. Dorfman reported 

the presence of some L-iduronic acid in highly p u r i f i e d 

preparat ions of heparin. This report was met with a f a i r 



degree of scept ic ism, and most workers in the f i e l d believed 

t h a t the iduronic acid was an ar te fact formed during the 

degradation of hepar in. There is now convincing evidence 

t h a t L-iduronic acid is a const i tuent of the heparin mole

cule . Thus, nuclear magnetic resonance s tudies on the i n t a c t 

polysaccharide have indica ted that L-iduronic acid nay acc

ount for as much as two-thirds of the t o t a l uronic acid. 

Under appropriate hydrolysis conditions more than half of 

the uronic acid may be l i b e r a t e d as free L-iduronic acid. 

As mentioned above, the anomeric configuration of 

a l l g lycos idic l inkages in heparin had been assumed to be 

α. However, the o p t i c a l r o t a t i o n of heparin is s i g n i f i c a n t l y 

lower than would be expected for an ent i re ly α-l inked polymer, 

and recent work has shown that probably a l l of the glycuron-

i d i c l inkages are a c t u a l l y of the β configuration. (Exam

inat ion of the s t r u c t u r e of glucuronic and L-iduronic acid 

c l e a r l y shows that α-L-iduronate corresponds, in fac t , to 

β-D-glucuronate). 

Another important aspect of heparin s t r u c t u r e concerns 

the pos i t ion of the s u l f a t e groups. On an average, the 

polysaccharide chains contain close to three s u l f a t e groups 

per d isacchar ide; one of these is located on the amino group 

of glucosamine (although many heparin preparat ions are now 

known to contain high proportions - up to 30% - of N-acetyl¬ 
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glucosamine (A3)), a second is bound to C-6 (or occasional ly 

to C-3) of the glucosamine, and the t h i r d , usual ly present , 

is Located exclusively on an iduronic acid residue. It 

appears that t h i s i n t e r e s t i n g new f e a t u r e of heparin 

s t r u c t u r e may be i n t i m a t e l y r e l a t e d to the biosynthes is of 

the iduronic acid u n i t s (see pp. 295-297) . The recent devel

opments in our concepts of heparin s t r u c t u r e are summarized 

in F i g . 33, which shows the s t r u c t u r e of a t e t r a s a c c h a r i d e 

containing a β-linked glucuronic acid residue and an α-

L-iduronic acid u n i t s u l f a t e d in pos i t ion 2. 

Figure 53 St ructure of heparin t c t r a s a c c h a r i d e containing 
glucuronic acid and 2-sul fated iduronic acid. 

Heparan s u l f a t e , l i k e hepar in, cons i s t s of a l t e r n a t 

ing residues of uronic acid and glucosamine, t h a t are s u l 

fated to varying degrees. Heparan s u l f a t e contains more 

N-acetyl groups and les s s u l f a t e than hepar in; i t general ly 

lacks anticoagulant a c t i v i t y . As t h e difference in chemical 
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s t ruc tu re between heparin and heparan su l f a t e is q u a n t i t a 

t i v e , and i n d i s t i n c t , ra ther than q u a l i t a t i v e , t he m e a s u r e 

ment of the anticoagulant ac t iv i ty is used to d i s t i n g u i s h 

between these two mucopolysaccharides. 

Dormatan su l fa te , which unti l some years ago was 

thought to consis t exclusively of repeating L - idu ron ic a c i d -

containing disaccharide un i t s , has now been shown, l i k e 

hepar in , to he a hybrid containing both iduron ic ac id arid 

glucuronic ac id , in which sulfa te is sometimes p r e s e n t on 

the iduronic acid (although less frequently so than in 

hepar in) . As a r e s u l t , the definition of dermatan s u l f a t e 

must be somewhat revised; for example, t h i s p o l y s a c c h a r i d e 

may no longer be regarded as en t i re ly r e s i s t a n t to d i g e s t i o n 

with t e s t i c u l a r hyaluronidase, since the presence of g l u c 

uronic acid renders the molecule p a r t i a l l y s u s c e p t i b l e to 

degradation by th i s enzyme. 

STRUCTURE OP NATIVE PROTEOGLYCANS 

The nat ive ca r t i l age proteoglycan are l a r g e macro-

molecules with many polysaccharide chains a t t ached to t h e 

protein core . Thus, preparations obtained from bovine 

nasal septum by extract ion with s a l t so lut ions have a. 

molecular weight range of 1 to 4 mill ion, corresponding to 
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40-150 glycosaminoglycan chains per molecule. Smaller 

proteoglycans occur in other t i s sues , such as pig laryngeal 

c a r t i l a g e , in which the molecular weight ranges from about 

60,000 to 1 million. 

L i t t l e is known regarding the s t ruc tu re of the 

pro te in moiety of any of the proteoglycans. Considering 

tha t the protein content of proteoglycan from bovine nasal 

septum is approximately 7%, the molecular weight of the 

prote in core is about 200,000. Amino acid analys is , p ro teo

l y t i c enzyme digestions and immunological s tudies of purif

ied proteoglycan preparat ions yielded some information r e 

garding the protein moiety of the proteoglycan, so cal led 

core pro te in . The core protein is composed of a s ingle 

polypeptide chain of about 2,000 amino acid residues with 

a l t e r n a t i n g short and long repeating sequences. A short 

sequence consists of l e ss than 10 amino acid residues with 

one N-terminal and C-terminal serine res idue , each of which 

ca r r i e s a polysaccharide chain linked g lycos id ica l ly to i t s 

hydroxyl group. The long sequence contains about 35 amino 

acid res idues . The main polypeptide chain is probably 

homologous in the ver tebra te sub-phylum with strong conser

vation of s t ructure suggested for the shor t sequence. How

ever, polymorphism of polypeptide s t ruc tures cannot be 

be excluded (A4). 
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The proteoglycans of ca r t i l age and nucleus p u l p o s u s , 

which have been most extensively studied, contain both 

chondroitin sulfate and keratan sul fa te as par t of t he same 

molecule. The re la t ive proportion of each may v a r y , from 

molecules containing v i r tua l ly no keratan s u l f a t e , to t h o s e 

containing as much keratan sulfate as chondroit in s u l f a t e . 

Recent evidence, mainly from the work of H. Muir in London(A5) , 

V. Haskall in Ann Arbor, Michigan (A6) and L. Rosenberg in 

New York (A7), shows that proteoglycans of c a r t i l a g e are 

capable of forming multiple aggregates, the aggrega t ion 

depending upon the in terac t ion of several proteoglycan mole

cules with a single hyaluronic acid molecule. According to 

a current model, based on chemical and electron microscopic; 

s tud ie s , the proteoglycan aggregates are made up of an 

elongated filamentous hyaluronic acid backbone, 4,000 to 

40,000 A in length, from which proteoglycan molecules 1,000 

to 4,000 A long arise l a t e r a l l y at 200-300 A i n t e r v a l s . 

ENZYMIC DEGRADATION OF MUCOPOLYSACCHARIDES (7) 

The s t ructure of mucopolysaccharides, where a p r o t e i n 

core holds together a number of carbohydrate c h a i n s , makes 

such a molecule par t icu lar ly vulnerable to p r o t e o l y t i c 

breakdown; for this reason it would seem that during 
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normal turnover the i n i t i a l step would be an attack by pro-

t e o l y t i c enzymes on the protein core. The most important 

proteases involved in the degradation of connective t i s s u e 

proteoglycans are the eat hepsins, a group of lysosomal 

enzymes of di f fer ing speci f ic i ty . 

The carbohydrate chains are probably f i r s t degraded 

to ol igosaccharides by the action of endoglycosidases of 

r a t h e r narrow s p e c i f i c i t y and subsequently by speci f ic 

exoglycosidases that remove sugar residues one at a time 

from the non-reducing end of the oligosaccharides formed 

by the endoglycosidases. So far, only one endoglycosidase 

has been i d e n t i f i e d in mammalian t i s s u e s , namely hyaluron-

idase. This is an endo-β-N-acetylhexosaminidase that degrades 

hyaluronic acid and both isomers of chondroitin s u l f a t e , 

producing oligosaccharides having glucuronic acid at the 

non-reducing end. The pathway of degradation of dermatan 

s u l f a t e , heparan su l fa te and keratan s u l f a t e , is still 

obscure. 
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MUCOPOLYSACCHARIDES (PROTEOGLYCANS) -

I I : BIOSYNTHESIS 

The biosynthesis of proteoglycans (1,2) r a i s e s 

s imi lar problems to those encountered in s tud ies of the 

formation of other glycoproteins. One of the more obvious 

of these concerns the order in which the prote in and poly-

saccharide moieties are synthesized. It has been found 

that compounds which inh ib i t protein synthesis s p e c i f i c a l l y , 

such as puromycin and cycloheximide, likewise i n h i b i t t h e 

incorporation of sugar and sul fa te into proteoglycans . 

These observations are in accord with the idea t h a t p r o t e i n 

synthesis precedes the addition of the carbohydrate c h a i n s , 

as was found for the typical glycoproteins d iscussed e a r l i e r . 

It has not yet been established whether the glycosyl u n i t s 

are added to the completed protein or whether carbohydrate 

chain i n i t i a t i on occurs before the peptide is re leased from 
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the ribosomes. 

During b iosynthes is of the polysaccharide chains, the 

proteoglycan moves through the smooth reticulum to the Golgi 

apparatus, as is the case for o ther glycoproteins. However, 

nei ther the exact locat ion of the enzymes involved, nor the 

mode of excretion of the proteoglycan is known. 

I n t e r e s t i n g l y it has recent ly been shown (Al) that 

xylose or β-xylosides, such as p-nitrophenyl-β-D-xyloside, 

wi l l overcome the puromycin i n h i b i t i o n of chondroitin su l fa te 

synthesis in cul tured chick embryo chondrocytes. These res-

u l t s indicate t h a t under su i tab le condi t ions , synthesis of 

chondroitin s u l f a t c chains may occur in the absence of the 

protein core. 

In the following I shall, discuss primari ly the biosyn-

thes i s of chondroitin s u l f a t e , of which we now have the 

c leares t overa l l p i c t u r e . Some of t h e more important prob-

lems concerning the other mucopolysaccharides will be dis-

cussed b r i e f l y . 

BIOSYNTHESIS OF CHONDROITIN SULFATE 

In accordance with the not ion t h a t growth of poly-

saccharide chains takes place by stepwise addition of s ingle 

monosaccharide u n i t s from the r e s p e c t i v e sugar nucleot ides . 
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i t can be pos tu la ted t ha t the b i o y n t h e s i s of chondroi t in 

su l fa te occurs by a c h a i n - i n i t i a t i n g xylosyl t r a n s f e r to 

the protein core of the proteoglycan (or poss ib ly to the 

growing peptide cha in) , followed by a se r i e s of add i t iona l 

glycosyl t r a n s f e r r e a c t i o n s , eventual ly leading to the 

formation of a complete proteoglycan molecuLe. 

At any given moment, a ca r t i l age ce l l presumably 

contains polysaccharide chains in a l l s t lges of growth, and 

i t is therefore not su rp r i s i ng tha t homogenates and s u b c e l 

l u l a r f rac t ions contain endogenous acceptors to which the 

various ;nonosa.ccharide components of cliondroitin s u l f a t e 

can be t rans fe r red from t h e i r respect ive .sugar nucleotides 

Transfer to al l four monosaccharide components - g lucuronic 

ac id , N-acetylgalactosamine, galactose and xylose - from 

t h e i r UDP-derivatives to endogenous acceptors , has indeed 

been demonstrated, and p a r t i a l charac te r iza t ion of the protlu 

has shown that the incorpora ted sugars are par t of the expec 

ted chondroitin su l f a t e s t r u c t u r e s . 

However, much of our knowledge of the ind iv idua l 

enzymes involved and of t h e i r spec i f i c i ty has emerged From 

the use of exogenous acceptors of well-defined n a t u r e . 

XYI.OSYL TRANS FLiR. This reac t ion was f i r s t demonstrated in 

1966 in c e l l - f r e e prepara t ions of hen ' s oviduct , mouse 
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mastocytoma, and chi.ck er.ibryonic cart i lage, which catalyzed 

transfer of xylose from UDP-xylose to endogenous acceptors. 

It was .shown that xylose had been incorporated into the 

protein by an alkali-Labile linkage from which it could be 

released as xyl i to l on treatment with alkaline borohydride, 

and which, upon exhaustive proteolysis, yielded xylosyl-L-

serine. Further information on the substrate specificity 

of the xyLosyltransforase was obtained from studies with a 

variety of potential xylose acceptors ranging from serine 

and simple serine derivatives to the entire protein core of 

the diondroitin sulfate proteoglycan. It will be recalled 

that the serine-Linked xylose residue has two vicinal 

hydroxy 1 groups (Tig. 52) and it is therefore possible to 

cleave the xyiosi.dic linkage between diondroitin sulfate and 

protein by the Smith degradation (see p. 91). Tryptic dig

ests o (: diondroitin sulfate, as well as of the entire pro

teoglycan, were subjected to this procedure, and it was found 

that in both cases the products were xylose acceptors, the 

Smith-degraded proteoglycan being a far better acceptor than 

any of the smaller substrates. The observation that the 

macromolecular substrate had the highest acceptor activity 

is analogous to what has been observed In other instances of 

glycosyl transfer to polypeptide acceptors. 
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Interest ingly, the intact cartilage proteoglycan did 

not serve as a xylosyl acceptor despite the fact that about 

half of i t s serine residues are not glycosylated. This 

could conceivably be the result of s ter ic hindrance by the 

bulky chondroitin sulfate chains, but enzymic degradation 

products, in which the chondroitin sulfate chains had been 

reduced to short oligosaccharides by digestion with t e s t i c 

ular hyaluronidase or bacter ia l chondroitinase, were also 

inact ive. These observations lend support to the idea that 

the primary structure of the protein in the vicini ty of the 

polysaccharide-substituted serine residues is of importance 

for xylosyl acceptor ac t iv i ty . 

The presence of both chondroitin sulfate and keratan 

sulfate in the carti lage proteoglycan raises another i n t r i 

guing problem concerning the substrate specificity of the 

glycosyltransferases. Some of the keratan sulfate chains 

arc bound to serine, whereas others are linked to threonine, 

in both cases by glycosidic linkages to N-acetylgalactosamine; 

the chondroitin sulfate is linked solely to serine. Although 

it is conceivable that i n i t i a t i on of chondroitin sulfate and 

keratan sulfate chains could occur randomly at any serine s i t e 

in the molecule, this does not seem likely in view of the 

findings mentioned above. It can rather be assumed that the 



MUCOPOLYSACCHARIDES II 287 

prote in core has a d e f i n i t e s t r u c t u r e in which spec i f ic 

serine res idues are s u b s t i t u t e d by chondroit in s u l f a t e and 

others by keratan s u l f a t e , while some are not u t i l i z e d for 

g lycosylat ion. It may thus be p o s t u l a t e d that the xylosyl-

t rans ferase s p e c i f i c a l l y seeks out c e r t a i n serine residues 

in t h e polypeptide, whereas an N-acetylgalactosamininyltrans-

ferase i n i t i a t e s keratan s u l f a t e synthes i s at other ser ine 

s i t e s , as well as at threonine s ide cha ins . 

GALACTOSYL TRANSFER. The chain i n i t i a t i n g xylosyl t rans fer 

is followed by the sequentia l a d d i t i o n of two galactosyl 

u n i t s . The monosaccharide xylose is a good acceptor in a 

react ion representing t h e f i r s t ga lactose t r a n s f e r , although 

xylosyl-ser ine is a b e t t e r one. 

UDP-Gal + Xyl Gal-β-(l 4) -Xyl + UDP 

For the second galactosyl t r a n s f e r r e a c t i o n , Gal-β-(1 4)-Xyl 

may be used as exogenous s u b s t r a t e : 

UDP-Gal + Gal-β-(l 4)-Xyl Gal-β-(l 3)-Gal-β-(1 4)-Xyl + UDP 

Glycosyltransferases are in general very spec i f ic and 

catalyze t r a n s f e r only to a p a r t i c u l a r monosaccharide accep

t o r . However, t h i s does not always hold t r u e , and a notable 

exception is lactose synthetase which t r a n s f e r s galactose to 

c i t h e r glucose or N-acetylglucosamine (p .23) . I t was t h e r e 

fore important to e s t a b l i s h whether the two react ions above 
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are catalyzed by one or two enzymes. As shown in mixed-

s u b s t r a t e experiments, no competition occurred between 

acceptors for the two d i f f e r e n t t r a n s f e r s teps , e .g . xylose 

did not i n h i b i t ga lactosy l t r a n s f e r to Gal-β-(l 4) -Xyl and 

vice versa. It was there fore concluded that two d i f ferent 

enzymes are involved in t h e i n c o r p o r a t i o n of the two galac

tose res idues to t h e l i n k i n g reg ion. 

In c o n t r a s t to the f i r s t galactosyltransferase, the 

second t r a n s f e r a s e absolute ly requires a l a rger acceptor 

s t r u c t u r e , with 4-O-subst i tuted xylose as the penult imate 

sugar ( e . g . Gal -β-(l 4)-Xyl) . No t r a n s f e r was observed to 

galactose or to Gal-β-(l 3) -Gal. Apparently, in t h i s case 

the enzyme needs to recognize not only the terminal mono

saccharide acceptor but also the penult imate sugar. 

The higher degree of s p e c i f i c i t y in the second ga lac

t o s y l t r a n s f e r a s e r e a c t i o n c l e a r l y makes i t impossible for 

the l a t t e r enzyme to add more than a s i n g l e galactose 

residue to the ga lactosy lxy lose disaccharide u n i t . I t i s 

l i k e l y t h a t t h i s s i t u a t i o n represents a common mechanism 

for the .1 i:nited addi t ion of i d e n t i c a l u n i t s , although the 

subs t ra te s p e c i f i c i t i e s of g lycosy l t rans ferases are not yet 

known in such d e t a i l as to permit d e f i n i t e genera l i za t ions 

in t h i s regard. 
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GLUCURDNYI. TRANSFER TO GALACTOSE. The particulate fraction 

from a cartilage honiogenate contains a glucuronyltransfcrase 

whjch catalyzes transEcr to linkage region fragments such as 

Gal-β-(1 3)-Gal; 

UDP-G1cUA + Cal-β-(1-3)-Gal 

GlcUA-6-(l 3)-Gal-5-(l 3)-Gal + UDP 

Other galactose-containing compounds, including Gal-β - (l 3) -

Gal-β-(1 4) -.Xyl and Gal-β-(l 3) -Gal-β-(l 4) -Xyl-β-(1 ) -Ser, 

are also acceptors for glucuronyl transfer. The glucuronyl

transfcrase reaction completes the formation of the specific 

linkage region of chondroitin sulfate. 

REPEATING DISACCHARIDE FORMATION. Studies of the cell-free 

biosynthesis of chondroitin sulfate have shown that a low-

sulfated polysaccharide was fornicd on incubation of a cell-

free preparation from embryonic chick cartilage with UDP-

glucuronic acid and UDP-N-acetylgalactosamine. Polymerization 

results from the concerted action of two glycosyltransferases, 

an N-acetylgalactosarsinyltransferase and a glucuronyl trans

ferase, which alternately add the two monosaccharide compon

ents of the repeating d.isaccharide units. As shown by A. 

Dorfman and his coworkers, iV-acetylgalactosaininyl transfer 

to non-reducing terminal glucuronic acid takes place with 

sulfated as well as non-sulfated acceptor oligosaccharides 
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from chondroi t in , chondroit in 4 - s u l f a t e , chondroitin G-sulfate, 

and hyaluronic ac id . The finding t h a t hyaluronic acid hoxa-

sacchari.de is an acceptor shows t h a t the t ransferase has a 

simple subs t ra te s p e c i f i c i t y with a requirement only for the 

cor rec t terminal monosaccharide acceptor , whereas the ident i ty 

of the penult imate group is not important . 

The glucuronyl t ransferase catalyzed glucuronyl t ransfer 

to ol igosaccharides with a non-su l fa ted , or 6-sulfa ted /V-ace

tylgalactosamine res idue in the non-reducing terminal posi t ion. 

However, a 4-su l fa ted N-acetylgalactosamine unit does not 

serve as a glucuronyl acceptor . This suggests t h a t , at l e a s t 

in the synthesis of chondroit in A-sulfate, the addit ion of 

glucuronic acid precedes the su l f a t i on of the A'-acetylgalacto

samine res idue . Because of t h i s spec i f i c i t y of the chain 

elongation enzymes, i t has been suggested that su l fa t ion at 

pos i t ion 4 of the non-reducing N-acetylgalactosamine un i t may 

serve as a mechanism of chain te rmina t ion . No evidence i s , 

however, ava i lab le to support t h i s not ion . Use of these oligo

saccharide acceptors does not lead to t rue polymerizat ion, but 

only the addit ion of one or a few sugars . Use of endogenous 

material as acceptor or primer does, however, y ie ld t rue 

polymerization, 

A fur ther b r i e f comment should be made concerning the 

from chondroi t in , chondroit in 4 - s u l f a t e , chondroitin 6-sulfate, 

and hyaluronic ac id . Tlie finding t h a t hyaluronic acid hexa-

saccharide is an acceptor shows t h a t the t ransferase has a 

simple subs t ra te s p e c i f i c i t y with a requirement only for the 

cor rec t terminal monosaccharide acceptor , whereas the ident i ty 

of the penult imate group is not important . 

The glucuronyl t ransferase catalyzed glucuronyl t ransfer 

to ol igosaccharides with a non-su l fa ted , or 6-sulfa ted N-ace

tylgalactosamine res idue in the non-reducing terminal posi t ion. 

However, a 4-su l fa ted N-acetylgalactosamine unit does not 

serve as a glucuronyl acceptor . This suggests t h a t , at l e a s t 

in the synthesis of chondroit in 4 - s u l f a t e , the addit ion of 

glucuronic acid precedes the su l f a t i on of the N -ace ty lga lac to

samine res idue . Because of t h i s spec i f i c i t y of the chain 

elongation enzymes, i t has been suggested that su l fa t ion at 

pos i t ion 4 of the non-reducing N-acetylgalactosamine un i t may 

serve as a mechanism of chain te rmina t ion . No evidence i s , 

however, ava i lab le to support t h i s not ion . Use of these oligo

saccharide acceptors does not lead to t rue polymerizat ion, but 

only the addit ion of one or a few sugars . Use of endogenous 

material as acceptor or primer does, however, y ie ld t rue 

polymerization, 

A fur ther b r i e f comment should be made concerning the 

http://sacchari.de
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r e l a t i o n s h i p between the "polymerizing" glucuronyltransferase 

and the one catalyzing t r a n s f e r to galactose in the linkage 

region. Competition experiments with Gal-β-(l 3) -Gal and a 

chondroitin 6-sulfate pentasaccharide with N-acetylgalacto

samine at the non-reducing end indicated t h a t two enzymes 

are indeed involved, s ince no competition occurred between 

these two s u b s t r a t e s . 

PARTICIPATION OF MULT I ENZYME COMPLEXES 

As we have seen, the assembly of a complete carbohyd

r a t e chain of a proteoglycan is a complex process. It has 

been estimated t h a t some 10,000 separate steps are required 

for the synthesis of an i n t a c t proteoglycan molecule, with 

about 80 chondroitin su l fa te side chains, each with a molec

u l a r weight of about 25,000. Obviously such a synthesis 

must occur in a highly organized way with the six glycosyl-

transferases working in concert, the product of one enzymic 

react ion becoming the subs t ra te for and the determinant of 

the next react ion. This would require t h a t the enzymes 

involved be closely located, arranged possibly in an orderly 

fashion on the membranes of the endoplasmic reticulum or 

Golgi region. Indeed, s p e c i f i c i n t e r a c t i o n between pur i f ied 

xylosyltransferase and the f i r s t galactosyltransferase that 
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It. should also be noted that the chondroi t in s u l f a t e 

g lycosyl t rans ferases are firmly associated with the membranes 

of the endoplasmic reticulum or the Golgi appara tus . T h i s , 

i n c i d e n t a l l y , represents one of the major obs tac le s in the 

pu r i f i ca t i on of these enzymes. Some progress has been made 

recent ly in th i s regard. I have jus t mentioned the xy lo sy l -

t ransferase and ga lac tosy l t ransferase , which a re two 

such enzymes that have been solubi l ized and p u r i f i e d . 

As we have seen, s i x d i s t i n c t g lycosy l t rans fe rases 

seem to be involved in the synthesis of the polysacchar ide 

chain of the chondroitin su l f a t e s , and th i s process is summ

ar ized in Fig. 54. The sulfa t ion of the polysacchar ide , 

which is also indica ted in the f igure, is discussed below. 



sulfation of mucopolysaccharides. Mainly due to the elegant 

work of J. Y.. Silbert at Bos Con (A5-A5), we now know that 

sulfation occurs on the polysaccharide, along with, or 

immediately after polymerization. 



PAPS (like the sugar nucleotides) is synthesized by s o l u b l e 

enzymes in the cytoplasm. Direct t ransfe r of a s u l f a t e 

group from PAPS to both chondroitin su l fa te and heparin has 

been demonstrated in vitro. In both cases , the p a r t i c u l a t e 

enzyme preparation that catalyses the polymerization from 

the sugar nucleotide precursors, also ca ta lyses the i n c o r 

poration of sulfate onto newly formed polysacchar ide. S e p 

aration of sulfotransferase ac t iv i ty from the polymerases 

r e su l t s in a much lower efficiency of su l fa t ion of p a r t i a l l y 

sulfated acceptors. 
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equally well during or a f t e r polymerizat ion. There is now 

evidence for the formation of a polymer with free amino 

groups as an intermediate between the N -ace ty la ted and 

N -sulfa ted ones (A6] • All the data suggest that the sul fa t ing 

enzymes are located in a multienzyme complex, together with 

the polymerizing enzymes. 

The finding t ha t formation of L-iduronic acid occurs 

by epimerization not at the nucleot ide l eve l , but at thc 

polymer leve l , was prompted by the discovery of such a 

modification in the biosynthesis of a l g i n i c acid (or a l g i n a t e ) , 

a s imi lar though unrelated polysaccharide (A7,3). Alginic acid 
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s y n t h e s i s on t h e ca rbohyd ra t e p r e c u r s o r s would be a c c u m u l a 

t i o n o f UDP-Xyl. This would e f f e c t i v e l y d e c r e a s e t h e s y n t h 

e s i s o f U D P - g l u c u r o n i c a c i d and UDP-Xyl i t s e l f u n t i l t h e 

ba lance had been r e s t o r e d . The presence of x y l o s e in the k e y 

p o s i t i o n of the c a r b o h y d r a t e - p r o t e i n l i nkage may t h u s be 

regarded as an e x p r e s s i o n of the need for a s e n s i t i v e r e g u 

l a t o r y mechan i sm which would respond immediately t o any 

imbalance dur ing the b i o s y n t h e s i s o f the p r o t e i n a n d p o l y 

s a c c h a r i d e m o i e t i e s of the conjugated macromolecule . 

Another p o s s i b l e s i t e o f r e g u l a t i o n o f m u c o p o l y s a c c h 

a r i d e b i o s y n t h e s i s a t t he enzymic l eve l may r e s u l t from t h e 

f a c t t h a t ou t o f the seven t r a n s f e r a s e s invo lved i n muco

p o l y s a c c h a r i d e b i o s y n t h e s i s (Fig .54) , only t h e x y l o s y 1 t r a n s 

f e r a s e and t h e s u l f o t r a n s f e r a s e a re h ighly s o l u b l e , w h e r e a s 

t h e o t h e r enzymes a r e o rgan ized in a m u l t i - p a r t i c u l a t e - c o m p l e x . 

D i s i n t e g r a t i o n and r e j o i n i n g of the s o l u b l e enzymes m i g h t 

c o n t r o l the s y n t h e s i s o f t h e mucopolysaccharide m o l e c u l e s . 
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GENETIC DEFECTS OF MUCOPOLYSACCHARIDE METABOLISM 

Disorders in the metabolism of mucopolysaccharides 

in man have been recognized for some time, and it was found 

quite cur ly tha t these diseases , known col lec t ive ly as 

"mucopolysaccharidoses", are of genet ic o r ig in . However, 

the understanding of the biochemical bas i s of these disorders 

had to await the character izat ion of the d i f ferent mucopoly

sacchar ides . No wonder, there fore , t h a t the enzymic defects 

of most mucopolysaccharidoses have been elucidated only 

within the pas t few years (1 -4) . This was mainly due to 

the e f for t s of E. F. Neufeld and her col laborators at the 

National I n s t i t u t e s of Health, and A. Dorfman and his group 

at the Univers i ty of Chicago. 

The bes t known of the mucopolysaccharidoses are the 

Hurler and Hunter syndromes, f i r s t described in de t a i l some 

303 



304 COMPLEX CARBOHYDRATES 

60 years ago. These are rccess ively inher i ted d i s e a s e s , 

characterzed by skeletal abnormalities and mental retard

a t ion , which in severe cases r e s u l t in early dea th . A 

major difference between the Hurler and Hunter syndromes is 

in the mode of inhe r i t ance . The Hurler syndrome is t r a n s 

mitted in c l a s s i ca l Mendelian fashion as an autosomal 

recess ive ; it can occur in chi ldren of c i the r sex whose 

pa ren t s , though ca r r i e r s of the Hurler gene, show no appa r 

ent abnormality. The Hunter syndrome is sex l i nked , l i k e 

hemophilia for example. Women who are ca r r i e r s can t r a n s 

mit the disease to t he i r sons but not to t h e i r d a u g h t e r s ; 

ha l f of the daughters, however, a re l ikely to be c a r r i e r s 

and i.n turn transmit the disease to t h e i r sons. Another 

d i sorder , the Sanfilippo syndrome, resembles both the H u r l e r 

and Hunter syndromes, except that the physical defec ts arc 

r e l a t i v e l y mild, while mental re ta rda t ion i s s eve re . I t i s 

t ransmi t ted , like the Hurler syndrome, as an autosomal 

recessive. 

The frequency with which these and other c l o s e l y 

re la ted syndromes occur is not p rec ise ly known. There a r e 

some s t a t i s t i c s that give 1/100,000 l ive b i r ths for the 

Hunter syndrome in the U.S. ; i t appears tha t the c o l l e c t i v e 

incidence for a l l mucopolysaccharidoses is one pe r 30 ,000 

http://vc.lv
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b i r t h s . In the United S ta tes there are at leas t several 

hundred families who have a f f l i c t e d chi ldren . The diseases 

are not pecul iar to any e thnic or r a c i a l group, and case 

reports from Europe suggest an incidence not unlike that in 

the United S ta te s . 

Diagnosis of these disorders usually depend on the 

finding of elevated mucopolysaccharide excretion in the 

ur ine . About 100 mg of mucopolysaccharide, consisting 

primarily of low molecular weight derma and sul fa te and 

heparan su l f a t e , are excreted by Hurler and Hunter pa t i en t s , 

compared to a normal excretion of 1.0 mg per day or less for 

a l l mucopolysaccharides combined. Sanfil ippo pa t i en t s excrete 

mainly heparan su l fa te . In addit ion to ur ine , the mucopoly

saccharides accumulate in many t i s s u e s . The l i v e r , for 

ins tance , tends to contain mainly heparan s u l f a t e , while 

dermatan sul fa te is predominant :in the spleen. It is the 

damage wrought by the c e l l u l a r deposits of the mucopoly

saccharides that probably underl ies most, if not a l l , of 

the c l in ica l problems. 

Two rela ted diseases arc the Marotcaux-Lamy syndrome 

which involves dermatan s u l f a t e , and t h e Morquio syndrome. 

The l a t t e r is unusual in t h a t mental development is normal, 

whereas the skeletal deformities are associated with the 
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excretion of keratan su l f a t e , a mucopolysaccharide d i f f e r e n t 

from dermatan sul fa te and heparan su l fa te (p .272} . 

In the connective t i s sues of pa t i en t s with mucopoly

saccharide disorders , one f inds, as in normal i n d i v i d u a l s , 

the large proteoglycan e n t i t i e s of dermatan s u l f a t e and 

heparan s u l f a t e . However, in the urine or in t i s s u e s such 

as l i v e r , where abnormal storage takes p lace , the molecules 

of these two mucopolysaccharides are much smal le r . The 

prote in core is missing, and only a few amino acids are 

attached to some of the carbohydrate chains , while other 

fragments have nei ther amino acids nor the xy losy l - se r ine 

linkage region; i t is as if the protein por t ion had been f u l l y 

digested while the polysaccharide had been only p a r t i a l l y 

cleaved. 

The f i r s t suggestion tha t a disorder of degradation 

might be the basis of these diseases was made by F. van Hoof 

and G. H. Hers in 1964 from the examination of the u l t r a -

s t ruc ture of l i v e r from Hurler pa t i en t s . The l i v e r c e l l s 

were full of vacuoles delineated by single membranes, con

ta in ing very f inely dispersed material . The vacuoles were 

thought to be lysosomes, the ce l lu la r organel les in which 

breakdown of macromolecules normally takes p l a c e , p a t h o l o g 

i c a l l y engorged with undigested mucopolysaccharides. 
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Lysosomes filled with mucopolysaccharides have also been 

found in the livers of Hunter and Sanfilippo patients. The 

mucopolysaccharidoses are now recognized as belonging to 

the large group of inherited disorders of lysosomal metab

olism or the lysosomal diseases. 

The structure of the stored and excreted polysacch

arides suggested that in these disorders the mucopolysacch-

arides are not fully degraded to small units which could 

be returned to the general metabolic pool. This immediately 

raised some obvious questions: are the mucopolysaccharides 

chemically faulty? Docs the affected individual produce 

them in such quantities as to overwhelm the normal disposal 

machinery? Is there a defect in the degradative mechanism? 

Answers to these questions had to come from biochemical 

studies of isolated tissues. In the absence of animals 

with similar genetic disorders, such studies became feasible 

only in recent years with the introduction of tissue and 

cell culture techniques. 

CELL CULTURE STUDIES 

A turning point in the study of mucopolysaccharidoses, 

as of so many other diseases, occurred in 1965 when it was 

reported that fibroblasts cultured from skin of patients 



30 8 COMPLEX CARBOHYDRATES 

with the Hurler or Hunter syndromes accumulate the two 

mucopolysaccharides, dennatan sul fa te and heparan s u l f a t e . 

Since skin biopsies are readily available and f ib rob las t s 

arc easy to grow, l ines of genet ical ly marked c o l l s could 

be used for metaboJic study of the mucopolysaccharide 

disorders. Moreover, because the ce l l s can be shipped 

around the world or stored frozen, research on the muco

polysaccharidoses became independent in time and place from 

the medical care of the pa t i en t s . 

Using ce l l cu l tures , Li. F. Neufeld and her coworkers 

.investigated whether accumulation of mucopolysaccharides in 

f ibroblasts was due to increased ra te of synthes is or to a 

decreased r a t e of degradation. They found tha t normal c e l l s 

exposed to medium containing radioactive s u l f a t e synthes ize 

radioactive mucopolysaccharide, the fa te of whidi can r e a d i l y 

be followed. Once synthesized, about three quar te rs of the 

mucopolysaccharide is secreted by the f ib rob las t s in to the 

medium, while the remainder is diverted to a s torage pool 

within the c e l l , from which the only exi t is by degradat ion. 

In Hurler and Hunter f ib roblas t s , material is admitted i n to 

t ha t pool at normal r a t e s , but is degraded r e l a t i v e l y 

slowly. Thus in normal ce l l s , most of the mucopolysacchar

ides have a h a l f - l i f e of about 6 hours, while a minor f r a c t i o n 
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has a. h a l f - l i f e of about 3 days. En Hurler and Hunter c e l l s , 

there is l i t t l e degradation in the f i r s t 8 hours; the half-

1 i f e of the en t i re storage pool v a r i e s , in different cu l tu r e s , 

from 2 to 6 days. It appeared, there fore , tha t there may be 

two pools of degradation in normal c e l l s , the f a s t e r of which 

is missing in the cel ls affected by the mucopolysaccharide 

d isorders . 

Superf ic ia l ly , no s ign i f i can t differences in the 

pat tern of mucopolysaccharide metabolism in Hurler and 

Hunter f ibroblas ts arc observed, j u s t as i t is impossible 

to dis t inguish between the two syndromes by examining the 

urinary mucopolysaccharides. If, however, f ibroblasts from 

Hurler and Hunter pa t ien ts are cul tured together, the 

defects are corrected and the mixed ce l l s show a normal 

pat tern of metabolism. The presence of both ce l l types 

in the same dish allows each one to metabolize mucopoly

saccharide normally. The bas i s , for t h i s correction turns 

out to be very simple. Because the genes responsible for 

the two disorders are d i f f e r en t , the fundamental biochem

ical defects - that i s , the p ro te ins whose s t ruc ture :is 

encoded in those genes - must d i f f e r , however s imilar the 

end r e su l t s might be. Hurler c e l l s are normal with respect 

to the Hunter defect, and v i c e versa The f ibroblas t s of 
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one genotype are able to supply, through the medium, a fac tor 

lacking in ce l l s of the second genotype. 

As expected, the ab i l i ty to correct the defect of 

Hurler ce l l s is not l imited to Hunter ce l l s but is a property 

of other f i b r o b l a s t s , provided they are not of the Hurler 

genotype. There are some exceptions, e.g. f ib roblas t s from 

pa t ien t s with the Scheie syndrome, which is biochemically a 

var ian t of the Hurler syndrome. The metabolism of Hunter 

ce l l s is s imi la r ly corrected by f ibroblasts of a l l genotypes 

t e s t ed except those of the Hunter genotype. The defect in 

Sanfilippo f ibroblas ts can be similarly correc ted . 

IDENTIFICATION OF THE MTSSTNG ENZYMES 

Correction of the aberrant pattern of mucopolysacch

aride metabolism is achieved not only by i n t ac t f i b r o b l a s t , 

but also by the medium in which the ce l ls were grown, by 

homogenates of f ib rob las t s or connective t i s s u e s , and even 

by factors extracted from normal ur ine. 

The act ive substances or "corrective f ac to r s" a f f e c t 

ing normalization of mucopolysaccharide catabolism were o n l y 

very recent ly extensively purif ied from normal u r i ne , and 

eventually shown to be the missing enzyme in each d i so rde r 

(Table 16). Thus, the correct ive factor for Hurler and 
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Scheie c e l l s is the enzyme a-L-iduronidase (enzyme [2] in 

Table 16), the Hunter correct ive factor - iduronate s u l f a t u s e 

[1] , the Sanfil ippo A and B correct ive factors - heparan 

N - s u l f a t a s e (heparan sulfamidase) [5] and ά-N-acetylglucos-

amlnidase [6] , r e s p e c t i v e l y . β-Glucuronidase [4J, of human or 

bovine o r i g i n , servos as correct ive f a c t o r Tor c e l l s d e f i c i e n t 

in t h a t enzyme. Ident i ty of the Maroteaux-Lamy f a c t o r 

with a r y l s u l f a t a s e β o r N-acetylgalactosamine 4-sui fa tase [ 3 ] , 

and of the Morquio f a c t o r with the corresponding 6 - s u l f a t a s e , 

is probable but d e f i n i t i v e proof must await the p r e p a r a t i o n 

of t h e s e enzymes in pure form. 

Correction is accompanied by uptake of. enzyme from t h e 

medium i n t o f i b r o b l a s t s , presumably i n t o lysosomes. Normal 

c a t a b o l i c function is thus res tored, since lysosomes c o n t a i n 

not on Ly s tored mucopolysaccharides, but also a l l o ther 

enzymes required for the degradation of these polymers. 

Only a small f r a c t i o n of the normal complement of enzyme 

needs to be incorporated in order to give e s s e n t i a l l y normal 

mucopolysaccharide catabolism. 

The uptake of lysosomal enzymes, or ig ina l ly thought to 

take place by p inocyt ic imbibition of medium with a l l i t s 

m a c r o m o l e c u l a r c o n t e n t s , turned out to be a highly s e l e c t i v e 

p r o c e s s requi r ing a recognit ion marker on the prote in a n d , 

http://-iduronida.se
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by i m p l i c a t i o n , a receptor on the f i b r o b l a s t sur face. 

Prel iminary evidence suggests t h a t the recogni t ion marker 

is a carbohydrate, s ince it is read i ly destroyed by p e r i o d -

a t e . 

In the conceptual framework of degradation by exo

enzymes, a block in the degradative pathway should lead to 

the accumulation of macromolecules with a non-reducing 

terminal res idue t h a t would have been the s u b s t r a t e for t h e 

missing enzyme. This p r e d i c t i o n has been experimentally 

ver i f i ed for the mucopolysaccharides t h a t accumulate in 

f i b r o b l a s t s derived from p a t i e n t s with the Hunter or the 

Maroteaux-Lamy syndrome, or with β-glucuronidase def ic iency. 

The s t o r e d polymers have terminal s u l f a t e d iduronic ac id, 

su l fa ted N-acetylgalactosamine and β-linked glucuronic 

acid r e s i d u e s , r e s p e c t i v e l y . 

Although disorders of chondroit in s u l f a t e metabolism 

have been r e p o r t e d , they seem to be much r a r e r than t h e 

disorders of dcrinatari s u l f a t e and heparan s u l f a t e , which we 

have discussed at length. Also, i t i s remarkable t h a t 

despi te the close s t r u c t u r a l r e l a t i o n s h i p between heparin 

and heparan s u l f a t e there is no evidence t h a t heparin meta

bolism is abnormal in the mucopolysaccharidoses. 

Another point of i n t e r e s t is t h a t no abnormal i t ies in 
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the synthesis of proteoglycans have yet; been found in any 

of the mucopolysaccharidoses. This is probably because so 

few genetic diseases have yet been inves t iga ted in depth. 

There is a number of genetic malformations which are l i ke ly 

candidates for di.sordors in synthesizing enzymes ("synthe t ic 

d i sorders" ) . 

PRACTICAL BENEF1TS 

The pat tern of mucopolysaccharide metabolism by c e l l s 

affected by the d i f ferent mucopolysaccharidoses is so s t r i k 

ingly different from the normal tha t it can be used for p r e 

na ta l diagnosis , a s i tua t ion in which c l i n i c a l observat ion 

is obviously impossible. The fetus is constant ly shedding 

c e l l s in to the amniotic f lu id , a sample of which can be 

withdrawn as early as 14 weeks a f t e r conception. Of the 

many ce l l types o r ig ina l ly present in the f lu id , f e t a l f i b r o 

b l a s t s are the only ones to multiply in cu l tu re . If the 

fetus is affected with any of the mucopolysaccharidoses, 

such f ibroblas ts show the same abnormalities as f i b r o b l a s t s 

from skin biopsies of affected adu l t s . It is therefore 

poss ible to diagnose the disease e i t he r by examination of 

mucopolysaccharide accumulation or by enzyme t e s t s . P rena ta l 

diagnosis of the mucopolysaccharidoses has been of utmost 



value for famil ies who have chi ldren affected with one of 

these d i s e a s e s , s ince in the case of a subsequent pregnancy 

it provides a way for t e s t i n g whether the fetus is normal 

or not . 

The discovery of the biochemical defects in the 

various lysosome deficiency diseases was accompanied by the 

expectat ion and hope that, it would be poss ib le to t r e a t the 

affected p a t i e n t s by replacing the missing enzymes. Attempts 

of enzyne replacement therapy made during the past ten years 

have c l a r i f i e d many problems t h a t must be overcome and have 

suggested some general approaches. 

One poss ib le approach is to supply the p a t i e n t with 

blood plasma c e l l s or t i s s u e s t h a t would serve as a cont in

uous source of the enzyme. Infusion of leucocytes in to 

p a t i e n t s with mucopolysaccharidoses has been t r i e d , but the 

e f fects were t r a n s i e n t and v a r i a b l e . 

The present emphasis is on t e s t i n g highly p u r i f i e d 

enzymes. None of the enzymes which are d e f i c i e n t in the 

mucopolysaccharidoses have yet been avai lab le in t h e large 

q u a n t i t i e s required for in jec t ion i n t o p a t i e n t s . A l i m i t e d 

number of experiments along t h i s l i n e has been c a r r i e d out 

on p a t i e n t s with l i p i d o s e s . For example, following i n j e c t i o n 

of glucosylceramide β-glucosidase to a p a t i e n t with the adult 
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form o f G a u c h e r ' s d i s e a s e , a r e l a t i v e l y l o n g - l a s t i n g r e d u c 

t i o n o f t h e accumula ted β - g l u c o s y l c e r a m i d e was o b s e r v e d . 

I n a n t i c i p a t i o n t h a t such a n approach w i l l e v e n t u a l l y p r o v e 

b e n e f i c i a l , a t l e a s t i n s e l e c t e d c a s e s , procedure.s a r e b e i n g 

d e v e l o p e d for t h e s t a b i l i z a t i o n of lysosomal enzymes by chem

i c a l a l t e r a t i o n , and f o r t h e d e c r e a s e o r a b o l i t i o n o f t h e i r 

immunogenicity b y e n c a p s u l a t i o n i n n o n - a n t i g e n i c m a t e r i a l 

such as t h e r e c i p i e n t s ' own e r y t h r o c y t e membranes. 

Another p r o m i s i n g a p p r o a c h , which I ment ioned e a r l i e r 

( p . 2 0 3 ) , involves t h e a t t a c h m e n t t o enzymes o f s a c c h a r i d e 

s i d e c h a i n s . Those may s e r v e as r e c o g n i t i o n markers and 

d i r e c t t h o enzymes t o t h e a f f e c t e d c e l l s , i n a manner s i m i l a r 

t o t h e f u n c t i o n o f exposed g a l a c t o s e r e s i d u e s o n c e r u l o p l a s m i n 

and o t h e r serum g l y c o p r o t e i n s ( s e e l e c t u r e 11) . 
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A course on complex ca rbohydra tes cannot bo c o n s i d e r e d 

complete i f i t does not i nc lude a d i s c u s s i o n of a t l e a s t some 

o f the s p e c i a l polymers o f t h i s c l a s s found in s o u r c e s o t h e r 

t han h igher organisms. Most prominent among the se a r e t h e 

d i v e r s e and h igh ly complex p o l y s a c c h a r i d e s l o c a t e d in t h e 

b a c t e r i a l c e l l wal l o r envelope t h a t su r rounds t h e f r a g i l e 

cytoplasmic membrane of the b a c t e r i a l c e l l ( 1 - 4 ) . The c e l l 

w a l l , which i s r i g i d , p r o t e c t s t h e membrane and t h e cy toplasm 

wi th in from t h e adverse e f f e c t s of the envi ronment , and is 

t hus r e s p o n s i b l e for the r e s i s t a n c e o f t h e b a c t e r i a l c e l l t o 

mechanical and osmotic i n j u r y . Moreover, i t i s t h e s t r u c t u r e 

t h a t provides the b a c t e r i a l c e l l wi th i t s c h a r a c t e r i s t i c s h a p e , 

whether s p h e r i c a l (a coccus) or r o d - l i k e (a b a c i l l u s ) . The 

c e l l wall i s thus one o f t h e f e a t u r e s d i s t i n g u i s h i n g b a c t e r i a 
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from animal c e l l s , which are enclosed only by a plasma 

membrane. 

Most bac t e r i a l cells are 0.5 - 1 µ wide and 1 - 5 µ 

long; the thickness of the wall may vary between 80 and 

200 A, and i t s weight may account for up to 20 or 30% of the 

dry weight of the b a c t e r i a l c e l l . Since the ce l l wall is 

insoluble in water (or in fact in any o ther solvent) it can 

be eas i ly i s o l a t e d a f te r mechanical d i s i n t e g r a t i o n of the bac

t e r i a , followed by d i f f e r en t i a l cen t r i fuga t ion to remove the 

soluble cytoplasmic cons t i tuents and the membrane fragments 

which do not sediment. The f ina l product , when examined under 

the e lect ron micros cope, looks l ike a col lapsed sac or balloon, 

with the same shape as the bac te r ia from which the walls 

were derived: the i so l a t ed co l l walls of cocci are round and 

the walls of b a c i l l i are elongated. 

The foundations for the inves t iga t ion of the bac te r i a l 

cell wall were l a i d down by M. R. J. Salton at the Universi ty 

of: Manchester in the ea r ly 1950 's . One of the f i r s t general 

izat ions to emerge from the ear ly work on t h i s subject was 

that with respect to t h e i r composition, s t r u c t u r e and morph

ology, ce l l wal ls can be divided in to two c l a s s e s , s imi l a r to 

the old time divis ion of b a c t e r i a according to the Gram s ta in 

(Table 17 and Fig.55) . 
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Table 17 

Major constituents of bacterial cell walls 

Figure 55 Schematic represen ta t ion of the bac t e r i a l ce l l 
wa l l . (a) Wall of Gram-positive bac t e r i a ; (b) 
envelope of Gram-negative bac t e r i a . 

As can be seen, t h e r e arc marked differences in the 

composition of the c e l l walls of Gram-positive and Gram-

negat ive b a c t e r i a . Walls of both classes of bac te r i a do 

contain , however, one common cons t i tuen t , peptidoglycan, 
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which I s h a l l d iscuss in d e t a i l in t he l a s t two l e c t u r e s of 

the course. Suffice i t tc say a t t h i s po in t t ha t pept ido

glycan, a lso known as g lycopept ide , mucopeptide or murein, 

is a unique typo of polymer. It c o n s i s t s of l i n e a r poly

saccharide s t rands c ross l inked by o l i gopep t ide uni t s to 

form a s ing le g i an t bag-shaped macromolocule, the molecular 

weight of which may be as high as 5 x 1 0 1 0 . Peptidoglycan 

is the component r espons ib le for the most bas ic function of 

the ce l l wa l l , i t s r i g i d i t y . I t i s r e s i s t a n t t o t he action 

of the common p ro teases or po lysaccha r idases , but is hydro¬ 

lysed by l y t i c enzymes such as lysozymo or 1ysostaphin. 

Digestion of peptidoglycan by these enzymes, or i n t e r f e rence 

in i t s syn thes i s by a n t i b i o t i c s such as p e n i c i l l i n , leads to 

lys i s o f the b a c t e r i a l c e l l . 

The var ious non-peptidoglycan components of b a c t e r i a l 

ce l l walls may appear as use les s a c c e s s o r i e s . Actua l ly , owing 

to t h e i r ex te rna l loca t ion on the surface of the c e l l s , they 

are the s i t e s of important b io log ica l a c t i v i t i e s . For example, 

they are an t i gens , or at l e a s t contain the chemical determin

ants respons ib le for the an t igen ic s p e c i f i c i t y of the b a c t e r i a . 

They contain the s p e c i f i c r ecep to r s which mediate phage f ixa

t i o n . Some are powerful t o x i n s , while o the r s seem to be 

implicated in the v i ru lence of b a c t e r i a . Auto ly t i c enzymes 
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associated with the wall arc believed to p a r t i c i p a t e in 

growth of the wall and in separat ion of daughter c e l l s . 

Considerable var ia t ions in the composition of ce l l 

walls occur when bac te r ia are grown under d i f fe ren t cond

i t i o n s . It now seems that the wall may be one of the most 

dynamic and phenotypically variable s t ruc tu res of the c e l l . 

Nevertheless, the bas ic organization of the peptidoglycan 

and most of i t s essent ia l s t r uc tu r a l features are c o n s t a n t . 

GRAM-POSITIVE BACTERIA 

In walls of Gram-positive b a c t e r i a , peptidoglycan is 

the major const i tuent . In cer ta in organisms, such as Micro¬ 

coccus luteus (the organism f i r s t i so lu ted in 1922 by A. 

Fleming, and known un t i l recent ly as Micrococcus l y s o d e i k t i ¬ 

cus ) , peptidoglycan accounts for about th ree -quar t e r s of t he 

dry weight of the wall . Walls of Gram-positive b a c t e r i a 

also contain one or more heteropolysaccharides , which are 

usually attached by covalcnt linkages to the glycan s t r a n d s 

of the peptidoglycan. Most prominent among these are the 

te ichoic acids, discovered in the 1950's by J. Baddiley and 

h is coworkers in Newcastle-upon-Tyne, and thoroughly i n v e s t 

igated by his group since then (5 ,6 ) . The t e icho ic acids 

are polymers of r i b i t o l phosphate or glycerol phosphate 
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l inked by phosphodies ter bonds. In these polymers, t h e free 

hydroxyl groups of the r i b i t o l or g l y c e r o l are often s u b s t i 

t u t e d by g l y c o s i d i c a l l y l inked monosaccharides (such as 

glucose or N-acetylglucosamine) or o l i g o s a c c h a r i d e s ( e . g . 

k o j i b i o s e , Glc-α-(l 2) -Glc) , as well as by an amino ac id , 

D-alanine, bound by an e s t e r l i n k a g e . Polymers conta ining 

glycerol or ribitol t h a t do not conform to t h e above s t r u c 

t u r a l p a t t e r n are a l so p r e s e n t in Grain-positive b a c t e r i a . 

Many of these t e i c h o i c a c i d - l i k e polymers conta in reducing 

sugars as p a r t of the main chain. In polymers of t h i s type, 

the repeat ing u n i t s may be j o i n e d t o g e t h e r by phosphodies ter 

l inkages between the C-1 of g lycerol and C-4 or C-6 of a hexose 

on the one hand, and t h e G-1 of the hexose and C-3 of g lycerol 

on t h e o t h e r ( F i g . 5 6 ) . 

In Gram-positive b a c t e r i a , t e i c h o i c acids f requent ly 

account for between 30 and 50% of the dry weight of the wa l l . 

Although o r i g i n a l l y bel ieved to be confined to c e l l w a l l s , 

g lycerol t e i c h o i c ac ids are now known to occur in bacter ia l . 

membranes as wel l . The r o l e of t e i c h o i c acids in t h e wall 

or membrane is s t i l l unknown. Many t e i c h o i c acids are s e r o 

l o g i c a l l y a c t i v e and often c o n s t i t u t e t h e group-spec i f ic 

components of Gram-positive b a c t e r i a . They also serve as 

receptors for phages. I t has been suggested t h a t they are 
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Figure 56 Some representa t ive te ichoic acid s t ruc tu re s 
(modified from reference 3) . 

A. Poly-1, 3-glycerol phosphate. The secondary 
hydroxyl group may be f ree , or g lycosyla ted, or 
e s t e r i f i e d by D-alanine. This is the most common 
type of t e icho ic acid s t r u c t u r e . I t is found in 
a l l membrane te ichoic acids and in the cell wall 
t e ichoic acids of many Gram-positive organisms, 
for example Staphylococcus, Streptococcus, Lacto
bacillus, and Bacillus spec ies . 

B. Poly-1, 5 - r i b i t o l phosphate. This s t r u c t u r e 
is also common in the ce l l wall t e i cho ic acids of 
the genera mentioned above. Glycosylation occurs 
on the 4-hydroxyl of r i b i t o l , and the 2-hydroxyl 
is e s t e r i f i e d by D-alanine, as shown. 

C. Po ly- l ,2 -g lyccro l phosphate. This polymer, 
subs t i tu ted on i t s primary hydroxyl groups by 
6-9-D-alanyl-glucose as indicated, has been found 
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in Bacillus stearothermophilus.. 
D. Poly-4 -phospho-3-glucosyl -g lycerol . This 

polymer and i t s galactose analog have been found 
in Bacillus licheniformis, and in Lactobacillus 
plantarum. Polymers with t h i s type of s t r u c t u r e 
have been found in pneumococcal capsular po ly
saccharides and pneumococcal C-substance. 

E. This is a member of the Less common type of 
t e i cho i c ac id in which the main chain contains 
the a c i d - l a b i l e sugar 1-phosphate l inkage . This 
example is from Staphylococcus lactis 13. 

involved in binding of c a t i o n s ( i n p a r t i c u l a r Mg++) to the 

ce l l surface, but t h i s h a s not yet been e s t ab l i shed with 

ce r t a in ty . 

It has been known for a long time t h a t a l l s t r a i n s of 

Diplococaus pneumonia, t h e causative agent of pneumococcal 

pneumonia, possess a. common polysaccharide ant igen, the 

species spec i f i c C-subs tance . D. E. Brundish and J. Baddiley 

have shown (A1) tha t t h i s polysaccharide contains r i b i t o l 

phosphate and t h e r e f o r e should be considered as a t e i c h o i c 

acid. In addi t ion to r i b i t o l phosphate, the pneumococcal 

C-polysaccharide c o n t a i n s galactosamine-6-phosphate (which 

is probably the de te rminan t of se ro log ica l a c t i v i t y ) , g lucose, 

choline phosphate (in i t s repeating s t r u c t u r e ) , as wel l as 

a 2, 4-diamino-2,4,6-trideoxy hexose, the s t r u c t u r e of which 

was not e luc idated . The l a t t e r may be i d e n t i c a l with t h e 

diamino sugar which I i s o l a t e d some 15 years ago from a 
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p o l y s a c c h a r i d e of B. licheniformis, and which we r e c e n t l y 

i d e n t i f i e d through deg rada t ion and s y n t h e s i s as 2 ,4 -d iamino¬ 

2 , 4 , 6 - t r i d e o x y - D - g l u c o s e ( see p . 1 8 ) . 

Pneumococci a l s o produce typo s p e c i f i c p o l y s a c c h a r i d e s 

t h a t p l ay an impor tan t r o l e in t h e v i r u l e n c e of t h i s organism 

( 7 ) . These p o l y s a c c h a r i d e s a re e x t e r n a l t o t h e c e l l w a l l , 

and form t h e capsu l e s t h a t cover t h e pneumococcal c e l l s . 

They are s o l u b l e in writer , and can t h e r e f o r e be removed from 

the wall by washing. Some 75 d i f f e r e n t p o l y s a c c h a r i d e s have 

been i d e n t i f i e d , and t h e s t r u c t u r e s of many of t he se have been 

worked o u t . Some of t h e pneumococcal p o l y s a c c h a r i d e s , such 

as types 13 and 34, con ta in r i b i t o l phosphate in a d d i t i o n to 

o t h e r sugars (e .g . g l u c o s e , g a l a c t o s e and N - a c e t y l g l u c o s a m i n e 

in t y p e 13 , g lucose and g a l a c t o s e in type 34) and a r e t h e r e f o r e 

c o n s i d e r e d a s t e i c h o i c a c i d s . 

S t u d i e s on t h e pneumococcal p o l y s a c c h a r i d e s , b e s i d e s 

t h e i r v a l u e in the development of methods for immunizat ion 

a g a i n s t pneumonia, had an enormous i:npact on immunology, 

g e n e t i c s and modem b i o l o g y . These p o l y s a c c h a r i d e s were t h e 

f i r s t n o n - p r o t e i n m a t e r i a l s shown to be a n t i g e n i c , as dem

o n s t r a t e d by Avery, H e i d e l b e r g e r and Goebel a t t h e R o c k e f e l l e r 

I n s t i t u t e i n t h e 1920 's ( s e e pp .26 -7 ) . Moreover, t h e r e v o l u t 

i o n a r y work on b a c t e r i a l t r a n s f o r m a t i o n , in which Avery, 
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MacLeod and McCarthy in 1944 iden t i f i ed DNA as the genetic 

m a t e r i a l , was done with pneumococcai. And as you may 

r e c a l l , the genetic marker was the production of a spec i f i c 

c a p s u l a r polysaccharide! Unfortunately, because of shor t 

age of t ime, I sha l l not be able to e labora te on th i s 

f a s c ina t i ng t op i c . 

Cell wall polysaccharides are the group spec i f i c 

a n t i g e n s of the Laatobaci l l i and the pathogenic Strepto¬ 

c o c c i . For example, the group spec i f i c antigen in Strepto¬ 

cocci of group A is a polysaccharide which cons i s t s of 

L-rhamnose and N-acetylglucosamine; in group B the speci f ic 

po lysacchar ide is made up of glucose, galactose and 

L-rhamnose, and in group C of L-rhamnose and N -ace ty lga lac 

tosamine . However, in D and N s t r a i n s , membrane glycerol 

t e i c h o i c acid is the group-specific ant igen. The s t r a i n -

s p e c i f i c antigens in group A s t r a i n s are the M proteins 

which, toge ther with the hyaluronate capsule, determine the 

v i r u l e n c e of these organisms. The M pro te ins are probably 

c o v a l e n t l y Linked to peptidoglycan. Other p r o t e i n s , 

c a l l e d T and R p ro te ins , are also present in these wal l s . 

While t h e s e prote ins do not. contr ibute to the virulence of 

the Streptococci, they may contain the an t igen ic determin

an t s which appear to cause the development of autoimmune 
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d i seases such as rheumatic h e a r t d i s e a s e o r c h r o n i c g l o m e r 

u l o n e p h r i t i s , t h a t r e s u l t from s t r e p t o c o c c a l i n f e c t i o n s . 

Other po lysaccha r ides have been i s o l a t e d from 

wal ls of Gram-posi t ive b a c t e r i a . An i n t e r e s t i n g example a r c 

the t e i c h u r o n i c a c i d s , polymers made up from a l t e r n a t i n g 

u n i t s of a uronic ac id and a hexose or hexosamine. In w a l l s 

of M. luteus the t e i d i u r o n i c ac id ( the only component b e s i d e s 

the pept idoglycan) c o n s i s t s of g lucose and N - ace ty laminoman¬ 

nuronic ac id , while the t e i c h u r o n i c a c i d of B . l icheni formis 

is made up of g lucu ron ic ac id and N - a c e t y l g a l a c t o s a m i n e ( n o t e 

the s i m i l a r i t y o f t h e l a t t e r polymer t o chondral t i n and t o 

hya luronic a c i d ) . 

GRAM-NEIGATIVE BACTERIA 

Cell walls of Gram-negative bacter ia are cons iderab ly 

more complex than those of Gram-positive c e l l s . The s t r u c t u r e 

surrounding Gram-negative bac ter ia is more properly d e s c r i b e d 

by the term "ce l l envelope". I.n these organisms a. th in p e p t i ¬ 

doglycan layer (most l ikely a s ingle monomolecular l ayer ) , 

20-30 A thick, is sandwiched between the cytoplasmic membrane 

and an outer membrane-like s t ruc tu r e . Such a t r i p l e layer can 

be seen upon examination in the electron microscope of s e c t i o n s 

of intact Gram-negative bac te r i a . The outer layer contains 
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p r o t e i n , p h o s p h o l i p i d , l i p o p o l y s a c c h a r i d e and L i p o p r o t e i n . 

As a r e s u l t , t h e p e p t i d o g l y c a n is not a c c e s s i b l e to the a c t i o n 

o f lysozyne o r o f o t h e r l y t i c enzymes u n l e s s t h i s l a y e r i s 

damaged, e i t h e r p h y s i c a l i y (by f r e e z i n g and thawing t h e c e l l s ) 

or chemica l ly (by exposure to d i l u t e a l k a l i or to a meta l¬ 

c h e l a t i n g agen t such as EDTA) . The o u t e r membrane of Gram¬ 

n e g a t i v e b a c t e r i a a l s o a c t s a s a p e r m e a b i l i t y b a r r i e r t o many 

an t ib io t ics , such as v a r i o u s p e n i c i l l i n s , vancomycin and 

b a c i t r a c i n , a s w e l l a s t h e m a c r o l i d e a n t i b i o t i c s ( e . g . e r y 

t h r o m y c i n ) , and i s thus l a r g e l y r e s p o n s i b l e f o r the r e s i s t 

ance o f t h e s e b a c t e r i a to t h e above a g e n t s . 

The l i p o p o l y s a c c h a r i d e , or LPS, does n o t appear to 

be c o v a l e n t l y l i n k e d to the p e p t i d o g l y c a n , o r t rapped w i t h 

i n t h i s l a y e r , s i n c e t h e b u l k o f i t can b e e x t r a c t e d b y 

r e a g e n t s , such as phenol or EDTA, t h a t would n o t be expec t ed 

t o break c o v a l e n t b o n d s . The c o n c l u s i o n t h a t i t i s l o c a t e d 

on t h e o u t e r s u r f a c e o f t h e b a c t e r i a l c e l l i s b a s e d among 

o the r t h i n g s o n t h e f i n d i n g t h a t the immunolog ica l s p e c i f i c 

i t y o f t he i n t a c t b a c t e r i a i s , a s a r u l e , t h e same a s t h a t 

o f the p u r i f i e d LPS. I n d e e d , t h e p u r i f i e d LPS r e p r e s e n t s 

the s o - c a l l e d 0 - a n t i g e n o f Gram-nega t ive b a c t e r i a , such 

as t h e S a l m o n e l l a , Shigella and E . c o l i . Moreover , p u r i f i e d 

LPS w i l l b i n d b a c t e r i o p h a g e s such as t h e T even phages of 
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E. c o l i or the ε phages of Salmonella, with t h e same specif

i c i t y as the i n t a c t c e l l s from which the LPS was obtained. 

In i s o l a t e d cell walls of Gram-negative b a c t e r i a , LPS 

comprises 20-30% of the dry weight, while the peptidoglycan 

content is only 5-10% of t h e i r weight. 

Walls of Gram-negative b a c t e r i a prepared under mild 

conditions contain the three layers of inner membrane, p e p t i 

doglycan and outer membrane. By ext ract ing such walls with 

phenol-water (1:l.) at 68°C (a technique also used for i s o l 

at ion of nucle ic ac ids , but o r i g i n a l l y developed by 0. Wes t-

phal for the i so la t ion of LPS), the LPS and prote in dissolve 

whereas the peptidoglycan remains i n s o l u b l e , without change 

in i t s shape. Upon cooling the phenol-water mixture, the 

two phases s e p a r a t e , with the protein remaining in the phenol 

phase and the LPS in the aqueous phase. The LPS can be c o l l 

ected by high speed centr i fugat ion, since it forms aggregates 

of very high molecular weight, up to several m i l l i o n s . LPS 

can also be prepared by phenol-water ex t ract ion of i n t a c t 

b a c t e r i a . 

Another method of preparat ion of LPS is by ex t ract ion 

of cel l walls with sodium dodecyl s u l f a t e (SDS). U. Schwarz 

and V. Braun in Germany have found t h a t t reatment of cel l walls 

of E. coli with SDS dissolves the outer and inner membranes, 
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leaving the pcptidoglycan ("murein saccu les ' ) to which a 

l ipopro tc in is covalcntly hound (8) . This l i pop ro t e in is 

tho major protein of the outer membrane of E, coli and 

re la ted en terobac ter iaceae , and also occurs free in the 

c e l l envelope, in an amount exceeding tho bound form by a 

fac tor of two. It is an unusual macromolecule, made up of 

a s ing le polypeptide chain of 58 amino acids which contains 

at i t s N - terminal and a covalently l inked l i p i d . The 

C-terminal lysine of the l ipopro te in is l inked by a peptide 

l inkage to a free amino group (of dianinopimelic acid) in 

the cell wall peptidoglycan. In a major pa r t of the poly

pept ide chain, every t h i r d or fourth amino acid residue is 

hydrophobic. Electron micrographs i nd i ca t e tha t the l i p o 

pro te in is at tached to the outer surface of the pept idogly

can, where it probably i n t e r a c t s with, and b inds , the com

ponents of the outer membrane through hydrophobic and other 

non-covalent bonds. 

THE BIOLOGICALLY VERSATILE LIPOPOLYSACCHARIDES (9,10) 

LPS have been the object of in t ens ive b io log ica l 

i nves t i ga t i ons for many years , for several important 

reasons . Two of these I have mentioned e a r l i e r : LPS are 

immunologically act ive and they often serve as receptors 
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for bacteriophages. Another i n t e r e s t i ng property of LPS is 

t he i r pharmacological a c t i v i t y and tox ic i ty for higher 

animals. Most remarkable is the pyrogenicity of LPS: in j ec 

tion of 1 µ g of purif ied LPS into man (and correspondingly 

smaller amounts in experimental animals) r e s u l t s , wi thin 

4 hours, in the development of t rans ient fever, with body 

temperatures reaching up to 40°C (104°C). Other e f fec t s 

include changes in the white cell count, enhancement of 

hormonal and enzymic a c t i v i t i e s (for instance p r o t e o l y s i s 

in various t i ssues and organs) , s t imulation of phagocytosis 

and other defence mechanisms of the body. Larger doses 

cause hemorrhages, t i s s u e des t ruct ion, shock and death. 

The LPS are largely responsible for the c l i n i c a l symptoms 

of such diseases as dysentery, typhoid fever and tu l a r emia , 

as well as many cases of food poisoning. 

Since these toxins are pa r t of the b a c t e r i a l c e l l , 

they have been named "endotoxins", to d is t inguish them from 

the exotoxins, such as those of the d iphther ia , cholera , 

tetanus and botulism, that are secreted from the ce l l s i n t o 

the medium. The l a t t e r are a l l p ro t e ins , which are heat 

l a b i l e , in contrast to the endotoxins which are heat s t a b l e , 

in f ac t , many of the pharmacological ef fec ts of l i v ing 

Gram-negative bac te r ia , or of pur i f ied LPS, are also produced 

http://hi.gh.cr
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by i n j e c t i o n o f h e a t - k i l l e d c e l l s o r o f h e a t e d LPS. 

Before conc luding t h i s b r i e f d e s c r i p t i o n o f t h e 

b i o l o g i c a l p r o p e r t i e s of LPS, I would l i k e to m e n t i o n t h e 

r e c e n t f ind ing t h a t t h e s e compounds e x e r t m i t o g e n i c e f f e c t s 

on bone marrow d e r i v e d (B) - lymphocytes , t h e main c e l l s t h a t 

produce and s e c r e t e immunoglobulins . LI'S thus d i f f e r Prom 

most mi togen ie l e c t i n s , such as concanava l in A or soybean 

a g g l u t i n i n , which a re s p e c i f i c f o r thymus d e r i v e d ('T)-lymph

o c y t e s . O f p a r t i c u l a r s i g n i f i c a n c e i s t h e f a c t t h a t s t i m 

u l a t i o n of B-lymphocytes by LPS causes n o t only an i n c r e a s e 

in DNA and p r o t e i n s y n t h e s i s , and c e l l p r o l i f e r a t i o n , bu t 

a l s o l e ads to t h e s e c r e t i o n o f immunoglobul ins . LPS i s 

t h e r e f o r e b e i n g used in fo l lowing the b iochemica l changes 

t h a t occur i n B-lymphocytes a f t e r s t i m u l a t i o n , and i n p a r 

t i c u l a r o f immunoglobulin b i o s y n t h e s i s and s e c r e t i o n (A2, 

A3) . 

As a r e s u l t of t h e c l a s s i c work done in t h e 1 9 3 0 ' s , 

mainly in t h e l a b o r a t o r i e s of A. Boivin in Trance and 

W. T. J. Morgan in London, it became c l e a r t h a t t h e com

p l e t e soma t i c o r 0 - a n t i g e n s p e c i f i c i t y o f the microorganisms 

r e s i d e s in the p o l y s a c c h a r i d e p o r t i o n of LPS, which can be 

l i b e r a t e d from t h e complex by mi ld a c i d h y d r o l y s i s ( 0 . 1 M 

a c e t i c a c i d , 100°C, 2 h ) . The i s o l a t e d p o l y s a c c h a r i d e i s 
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n o n - t o x i c . The l i p i d moiety of t h e LPS, l ip id A, is a 

complex phosphorylated l i p i d of unusual composition, which 

contains glucosamine ins tead of glycerol and is r ich in 

3-hydroxymyristic acid. 'Ihe l i p i d appears to account 

e n t i r e l y for the t o x i c i t y of the or iginal endotoxin, as 

well as for i t s mitogenic a c t i v j t y (A4) . 

The physicochcraical p roper t ies of LPS are determined 

by the simultaneous presence of hydrophi l ic , s t rongly polar 

polysaccharide regions , on the one hand, and of l i p i d A on 

the other . This combination of hydrophil ic and hydrophobic 

regions r e s u l t s in LPS being an amphipathic mater ial which 

in aqueous so lu t ions forms micel lar s t ruc tu res with a high 

degree of aggregation, thus making it impossible to de t e r 

mine i t s t rue molecular weight. 

Most of the work in t h i s f i e ld has been done on the 

LPS i s o l a t e d from the en t e r i c bac t e r i a , the en t e robac t e r i -

aceae, chief ly the Salmonellae and E. coli. Organisms of 

t h i s class normally inhabi t our i n t e s t i n a l t r a c t , and are 

a lso the major causes of gas t ro in t e s t i na l diseases and of 

food poisoning. In the United States alone there are an 

estimated 2,000,000 human cases of Salmolla in fec t ions 

annual ly , making it one of the most important communicable 

diseases in the country. Another indica t ion of the great 
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i n t e r e s t in these organisms is the fact t ha t today more 

than 1,000 serotypes (or spec ies ) of Salmonella are known, 

and new addi t ions to t h i s l i s t become a v a i l a b l e each year . 

The separation of one sero type from another is based on 

differences in immunological s p e c i f i c i t i e s of the thermo-

l a b i l e f l a g e l l a r H-ant igens and the thermostable somatic 

0 -an t igens . If only the polysaccharide 0 -an t igens are 

considered, the number of d i s t i n g u i s h a b l e an t igen ic types 

of Salmonella is over 60. Many of the Salmonella antigens 

c ros s - r eac t with one another i n d i c a t i n g t h a t t h e i r poly

saccharide determinants share common r e a c t i v e groups. It 

is on the basis of these c r o s s - r e a c t i o n s t h a t E. Kauffmann 

in Denmark and B. White in England have c l a s s i f i e d the 

Salmonellae i n to major groups, designated by the l e t t e r s 

A to I. More than 95% of the s t r a i n s i s o l a t e d f a i l i n to 

the f i r s t five groups (A to E) . 

This c l a s s i f i c a t i o n , the o r i g i n a l purpose of which 

was to f a c i l i t a t e d iagnosis of Salmonella, i n f e c t i o n s , 

served as a bas i s fo r the s t r u c t u r a l and immunochemical 

s t ud i e s of LPS in t he l a b o r a t o r i e s of 0. Westphal, A. M. 

Staub and P. W. Robbins. Their work has shown tha t the 

determinants fo r a l l 0-ant igen s p e c i f i c i t i e s of a given 

organism are located in a s i ng l e polysacchar ide molecule, 
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and made it poss ib le , in many cases , to iden t i fy the 

monosaccharide or ol igosaccharide groupings which determine 

individual s p e c i f i c i t i e s . 

The use of immunochemical react ions in s t r u c t u r a l 

polysaccharide chemistry is well es tab l i shed , and we have 

seen fine examples of r e s u l t s obtained with t h i s approach 

in the study of the chemical s t ruc tu re of the ABH blood 

group substances. Such s tud ies have also contr ibuted 

grea t ly to the e luc ida t ion of the chemical s t r uc tu r e of 

LPS. Another approach which was of p a r t i c u l a r importance 

in unravel l ing the s t ruc tu re of the bacter iaJ LPS was the 

b iosynthe t ic one, which I' sha l l discuss in detaiJ in the 

next lec ture . It is based mainly on s tud ies with b a c t e r i a l 

mutants which lack the a b i l i t y to synthesize cer ta in i n t e r 

mediates necessary for the formation of the complete LPS 

molecule. These s tudies have demonstrated, among other 

t h ings , t h a t knowledge of s t ruc tu re is not always a pro-

r e q u i s i t e for the understanding of b iosynthet ic rou tes , and 

that s t r uc tu r e may, in f ac t , be deduced from s tudies in 

b iosynthes is . 

COMPOSITION AND STRUCTURE 

The LPS of Salmonellae have a highly complex chemical 
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Both 2-keto-3-deoxyoctanoic acid(or 3-deoxy-mannooctulosonic 

acid, KDO) and a heptose, usually L-glycero-mannoheptose, 

have been found in almost a l l LPS examined and appear to be 

confined to Gram-negative bac te r i a . KDO is an unusual 

sugar, Firs t discovered in the LPS of E. c o l i by E. C. Heath 

and M. A. Ghalambor in 1963. It is s imi lar to neuraminic 

acid in being a 2-keto-3-deoxy acid. In fact , it gives some 

of the colour reaction as the s i a l i c acids - for example, it 

can be assayed by the pe r ioda te - th iobarb i tu r i c acid method, 

a general reaction specif ic for 2-keto-3-deoxy a c i d s . The 

resemblance between KDO and the siaLic acids is fu r ther 

borne out by the fact that the mechanisms of the biosynthesis 
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phal ' s laboratory in Germany. It was known that the wild type 

s t ra ins of e n t e r i c b a c t e r i a , which form smooth (S) colonies 

and have O-antigens, give r i s e to mutants forming rough 

(R) colonies and having none of t h e 0 -an t igen ic s p e c i f i c i t -

i e s . Westphal and h i s a s s o c i a t e s in the 1950 ' s , analyzed 

the sugar composition of LPS from wild s t r a i n s (S-forms) and 

from the i r mutants (R-forms) and found t ha t LPS of a l l the 

R-forms examined contained only four sugars : g lucose , 

galactose, heptose and glucosamine, whereas LPS of S-forms 

frequently contained additional, sugars as a l ready noted for 

the LPS of S. typhimurium Moreover, it became c l e a r that 

LPS of species belonging to t h e same serogroup in the 

Kauffmann-White scheme, conta in i d e n t i c a l sugar u n i t s . In 

other words, there e x i s t s a c l o s e r e l a t i o n s h i p between the 

serotype of a species and the cheniotype of i t s LPS. 

Prom these r e su l t s Wcstphal proposed the following 

hypothesis: (a) the po lysacchar ide is composed of two p a r t s , 

an "R core" and "S-spec i f i c s i d e cha ins" t h a t are a t tached 

to the surface of the core ( F i g . 5 7 ) ; (b) the R core contains 

only the aforementioned four s u g a r s , whereas S-speci f ic s ide 

chains contain various other s u g a r s ; (c) b iosyn thes i s of the 

polysaccharide begins from the R core ; (d) R-forms can syn-

thesize the R core normally but e i t h e r cannot synthes ize or 
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During the subsequent years a l l t h e p r e d i c t i o n s of 

t h i s hypothes i s tu rned out to be c o r r e c t . 

542 

cannot attach S-specific s ide chains, presumably owing to 

a defect in certain enzymes. 
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New York Academy of Sciences in June 1973, covering 
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LIPOPOLYSACCHARIDES - I.: STRUCTURE 

AND BIOSYNTHESIS 

Although by the end of the 1950's the overa l l consti-

t u t i o n of lPS was es tab l i shed no s t ruc tu ra l d e t a i l s were 

a v a i l a b l e . Moreover, there was no evidence about the mech-

anism of LPS b io syn thes i s . A single LPS was believed to 

con ta in many d i f fe ren t kinds of 0-s idc chains, and some 

i n v e s t i g a t o r s f e l t t ha t such complex s t ruc tu res could perhaps 

not be synthesized without some kind of template mechanism. 

The d i v e r s i t y of nucleot ide "handles" in the various sugar 

n u c l e o t i d e s was thought to be useful for "coding". 

USE OF DEFECTIVE MUTANTS 

E luc ida t i on of many d e t a i l s of LPS s t r u c t u r e , as well 

as of the mechanism of i t s b iosyn thes i s , came as a r e s u l t of 

the use of b a c t e r i a l mutants with known defec t s , f i r s t i n t r o -

545 
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duced into th i s f ie ld by II. Nikaido and T. Fukasawa in Japan 

about 1960 (1,2) . These workers made the impor tan t obser-

vation that certain galactose negative mutants of Salmonella 

and E. co l i , when grown on glucose, formed incomple te LPS 

in which not only galactose was missing, but a l s o ce r ta in 

other sugars which arc present in the wild type of LPS. 

The polysaccharide moiety of the deficient LPS was completely 

devoid of both 0-spec.ific side chains and the g a l a c t o s e and 

N-acetylglucosamine of the R core. The core d i d , however, 

contain glucose. The defect in LPS synthesis was shown to 

be the resu l t of the absence of UDP-Gal-4-epimerase, an 

enzyme essential for the formation of UDP-Gal f r o m carbon 

sources other than galactose (e.g. glucose) in t h e absence 

of galactose (Fig.58) . To explain these f i n d i n g , Nikaido 

postulated that completion of the LPS cannot t a k e place 

without the attachment of the galactose to the c o r e reg ion , 

and that a l l the sugars missing in the mutant LPS must be 

located d is ta l to th is galactose moiety in the w i l d type 

(S-form) of LPS. 

Indeed, when the mutants were grown for a s h o r t 

period in the presence of galactose_ they syn the s i zed an 

LPS indistinguishable in composition from the 

LPS of S-forms. Also, crude cell wall preparat ions, (cell 
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F i g u r e 58 Pathways of the b iosynthes i s of UDP-Glc and 
UDP-Gal. in en t e r i c b a c t e r i a . The same path-
ways operate in h igher organisms. By the 
reac t ions depic ted, UDP-Gal can be synthes ized 
e i t h e r from exogenous ga l ac tose , or from exo-
genous g lucose . Bac te r ia l mutants are known 
which are de f i c ien t in enzymes ca ta lyz ing 
react ions [ 1 ] , [2] or [3] . Reaction [1] is 
catalyzed by UDP-Gal-4-epimerase, [2] by 
UDP-Gal-pyrophosphorylase, [3] by phospho-
glucose isomerase, and [4] by Ga l -1 -P-ur idy l -
t r ans fe rase . 

envelopes) of the mutants t r ans fe r r ed [14C] galactose from 

UDP-[14C] Gal in to the incomplete LPS. Furthermore, a f t e r 

the i n i t i a l attachment of the ga l ac tose , t hese p repara t ions 

were found to incorporate o ther sugars as wel l , when incub-

ated with the respec t ive sugar n u c l e o t i d e s . 

A second group of mutants, de f i c i en t in the biosyn-

t h e s i s of UDP-Glc, forms an in complete l ipopolysacchar ide 

with a polysaccharide moiety composed only of heptose and 

KDO. Such mutants may lack e i t h e r UDP-Glc-pyrophosphory-

lase (Fig.58, enzyme [ 2 ] ) , or phosphoglucose isomerase 

http://Gal-.l-P-uri.dyl-
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( F i g . 3 8 , enzyme [3]) , and hence are unable to s y n t h e s i z e 

UDP-Glc from exogenous g lucose or f r u c t o s e . As expec t ed , 

t h e s e and o t h e r m u t a n t s , under s u i t a b l e c o n d i t i o n s , accum-

u l a t e i n t h e i r c e l l s var ious sugar n u c l e o t i d e s ( e . g . TDP-Rha, 

CDP-Abe, and when grown on g a l a c t o s e very la rge amounts of 

UDP -Gal ) , whose u t i l i z a t i o n for LPS syn the s i s is p r even t ed 

by t h e g e n e t i c b lock . The i d e n t i f i c a t i o n of t h e s e compounds, 

t o g c t i i e r wi th t h e i r use in enzymic r e a c t i o n s , has c o n t r i b u t e d 

g r e a t l y to t h e e l u c i d a t i o n of both the b i o s y n t h e s i s and 

s t r u c t u r e of LPS. 

Table 9 

Q u a n t i t a t i v e sugar composi t ion of the p o l y s a c c h a r i d e 
p o r t i o n of LPS from mutant s t r a i n s of Salmonella 
Luchi.rr-.ia'iiir, 

Comparison of the sugar composi t ion of t h e core poly-

s a c c h a r i d e of the two groups of mu tan t s , and t h a t of the 

common rough forms ( d e s i g n a t e d as R mutants) of S. typhimurium 



LIPOPOLYSACCHARIDES I 349 

(Table 19) , Led to the predict ion t h a t the overa l l s t r u c t u r e 

o£ the core region is as follows: 

GlcNAc, Ga1 • Glc • Hep, KDO) • 

Subsequently, other mutants were i so l a t ed which formed 

incomplete core s t r u c t u r e s . These include very rough mutants 

which contain only l i p i d A and KDO i.n t h e i r LPS. 

In analogy to the chemotypes of the S-formes mentioned 

in the Last Lecture, the l ipopolysaccharides oi: the mutants 

could be c l a s s i f i e d into 11 chemotypes, Ra to Re, with Ra 

having all the sugar cons t i tuen t s of the core , and Re being 

the most defect ive one. Recently, mutants defect ive in the 

synthesis of KDO have been i so l a t ed (Al) . 

The synthes is of KDO proceeds by the following reac t ion , 

catalysed by the enzyme KDG-8-phosphate synthe tase : 
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Note the s i m i l a r i t y to the reaction (given on p.149) 

in which NANA is formed from N-acetylmannosamine-6-phosphate 

and phosphoenolpyruvate. In one of the mutants the enzyme 

responsible for the synthes is of KDO is a l t e red . The al tered 

enzyme has a 30-fold e levated K for -arabinose-5-phosphate 

and requires exogenous -arabinose-5-phosphate to maintain an 

adequate i n t e rna l concentrat ion of th is subs t r a t e . In the 

absence of arnbinosc-5-phosphate, the ce l l s cease to grow 

a f t e r one generation but remain viable . It seems t h a t the 

ul t imate defect in the LPS s t ruc tu re permit t ing the ce l l s 

to remain viable is reached with KDO mutants, and tha t the 

complete KDO-lipid A s t r u c t u r e is essent ia l for growth. 

On the basis of extensive studies with these and o ther 

mutants, as well as chemical and enzymic degradation exper

iments, and recen t ly of methylation analysis (A2), the 

de ta i l ed s t ruc tu re of the LPS has been formulated (Fig .59) . 
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The s t r u c t u r a l i n v e s t i g a t i o n s f i l l e d in many d e t a i l s 

that could not be obtained by the genetic find b i o s y n t h e s i s 

s t u d i e s . These included t h e n a t u r e of the l inkages between 

the sugars and the p o s i t i o n of t h e di f ferent s u b s t i t u c n t s 

(e .g . the phosphate l inked to t h e heptose) . For example, 

i s o l a t i o n of melibiose (Gal-ά-(l 6) -Glc) from p a r t i a l acid 

hydrolysates of Rb (formerly known as R.II) mutants of 

Salmonella, provided evidence for the occurrence of a 1-Kb 

linked galactose branch on the l i n e a r polysaccharide chain 

of the ll-core. A number of o ther o l igosacchar ides have been 

i so la ted from Ra (Ri) and Rb mutants, including the penta

saccharide 

P a r t i a l acid hydrolys is of the LPS from Rc and Rd mutants 

a f te r removal of the phosphate, or from mutants in which no 

phosphate is l inked to the heptose (P" mutants), afforded 

the ol igosaccharides Glc-Itep-Hep-KDO and Hep-Hep-KDO. 

Periodate oxidation of the t r i s a c c h a r i d e under condit ions 

which led to almost exclusive cleavage between t h e C-6 and 

C-7 of the heptose, followed by borohydride t r e a t m e n t , 

degraded the heptose i n t o mannose (Fig .60) . The r e s u l t a n t 

product was digested by α-mannosidase, e s t a b l i s h i n g t h a t the 

linkage of the heptose res idues is of the α-conf igurat ion (A3) . 
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STRUCTURE OF THH O-SPHCiILC CHAINS (3) 

Our knowledge of t h e s t r u c t u r e of t h i s r e g i o n , which 

i s comple te ly d i f f e r e n t from t h a t o f the R - c o r e , came o r i g 

i n a l l y from t h e work of P. W. Robbins and h i s co l l eagues at 

M.I.'J', in Boston, and was based to a l a r g e e x t e n t on the 

a p p l i c a t i o n of immunochemical t e c h n i q u e s . They i s o l a t e d 

d i - , t r i - and t o t r a s a c c h a r i d e s from p a r t i a l ac id h y d r o l y s a t e s 

of t h e LPS of Salmonella anatum and f r o n r e l a t e d s t r a i n s of 

group E Sa lmone l la , and d e t e r m i n e d t h e a b i l i t y o f t h e s e o l i g o 

s a c c h a r i d e s to inh.ib.it t h e i n t e r a c t i o n of the p a r e n t LPS 

wi th i t s a n t i b o d y . I n a d d i t i o n t h e y e s t a b l i s h e d t h e s t r u c t 

u re o f the d i - and t r i s a c c h a r i d e s by m e t h y l a t i o n , p c r i o d a t c 

o x i d a t i o n and with t h e a id o f s p e c i f i c g l y c o s i d a s e s . From 

t h e r e s u l t s o b t a i n e d they conc luded t h a t the O-s ide cha in i n 

t h i s organism is made up by t h e p o l y m e r i z a t i o n of a s i n g l e 

t r i s a c c h a r i d e r e p e a t i n g u n i t , Man-Rha-Gal. 

http://inh.ib.it
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I would I ikc to emphasize t h a t tlie concent that, the 

0-side chains arc long, was e n t i r e l y new. Before t h i s work 

people were inc l ined to th ink tha t the 0-ant igen had a huge 

core, hard to define s t r u c t u r a l l y , and very sho r t s ide 

chains, containing only a few monosaccharide u n i t s . The 

new concept was subsequently found to he va l id in many o t h e r 

organisms and, wherever careful s tud ie s were made, O-side 

chains were found to cons i s t of o l igosacchar ide repea t ing 

u n i t s , usually t r i - o r t e t r a s a c c h a r i d e s , bu t sometimes as 

big as a hexasaechuride. Thus, A. M. Staub and her co

workers at the Pasteur I n s t i t u t e in Par is found t h a t in the 

ol igosaccharide s ide chain oi: the LPS from group B Salmonella, 

such as S . typhimurium, the repea t ing unit is s i m i l a r to t h a t 

found in group E, except t h a t both glucose and abequose are 

attached to it ( f i g . 6 1 ) . The prec i se number of repeat ing 

t r i sacchar ide un i t s per s ide chain is not known for any 

organism, but is be l ieved to be between 6 and 1.5. 

The above examples demonstrate how the Immunological 

s p e c i f i c i t i e s of 0-ant igcns are determined by r e l a t i v e l y 

minor s t r u c t u r a l d i f ferences in t he s i de chains of otherwise 

iden t ica l po lysacchar ides . The modif icat ions t h a t have been 

observed in c losely r e l a t e d ant igens i nc lude : [1] changes in 

pos i t ion of l i n k a g e s , i . e . l->-4 vc l->6; [2] a l t e r e d anomeric 

http://monosacchari.de
http://hexasa.echuri.de
http://trisacchari.de


Figure 61 Antigen repeating sequences in the B and E 
groups of Salmonella. Note t h a t these diff
erent antigens represent var ia t ions of the 
same basic repeating sequence, Man-Rha-Gal. 
The variat ions are in the l inkage p o s i t i o n s , 
t h e i r anomery, as well as in s u b s t i t u t i o n on 
the sugars of the main chain. Ac - a c e t y l . 

configuration (α or Β) ; [3] attachment of additional, mono

saccharides, such as glucose, at di f ferent pos i t ions on t h e 

repeating sequence; [4] delet ions of, or s u b s t i t u t i o n for , 

one of the monosaccharides in the bas.ic t r i s a c c h a r i d e u n i t ; 

and [5] the presence or absence of acetyl groups on one type 

of sugar residue. 
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LIPID A 

Lipid A is a common const i tuent of a l l S and R forms 

of LPS. No mutants have been i d e n t i f i e d so far which are 

d e f e c t i v e in i t s b iosynthesis - presumably because such a 

block may be l e t h a l to the c e l l . This is probably one of 

the main reasons why nothing is known of the mechanism of 

t h e biosynthesis of l ipid A. 

S t r u c t u r a l s tudies of l i p i d A have been performed on 

p r e p a r a t i o n s i s o l a t e d from p a r t i a l acid hydrolysates of LPS. 

Such preparat ions are heterogenous and are degraded to 

varying e x t e n t s . Because of t h i s the s t r u c t u r e of l ip id A 

has not yet been ful ly es tab l i shed. Work on the subject 

has been done mainly by 0. Westphal , 0. Luderitz and t h e i r 

col leagues in Freiburg (A4), who have shown t h a t l i p i d A is 

composed of a disaccharide of glucosamine, l inked β-(1 6), 

to which phosphate groups are attached (Fig .62) . Apparently 

t h e phosphate forms a d i e s t e r (or pyrophosphate) bridge to 

the C-4 of the non-reducing terminal of the glucosaminyl 

r e s i d u e of a neighbouring chain, thus serving as a cross l ink 

between LPS chains. All avai lable hydroxyl and amino groups 

of t h e GlcN-β-(1 6) -GlcN disaccharide are acylated, chief ly 

by a 14 carbon f a t t y acid, 5-hydroxymyristic acid, found 

e x c l u s i v e l y in l i p i d A. 
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Figure 62 Proposed s t r uc tu r e of the KDO-lipid A region of 
LPS (A4). R, d i f fe ren t long chain f a t t y ac ids , 
e .g . l a u r i c , myr is t ic and pa lmi t i c . The amino 
groups are subs t i t u t ed by 3-hydroxymyristic 
acid . 
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BIOSYNTHESIS OF THE CORE POLYSACCHARIDE 

The cere polysaccharide (outer core and backbone in 

F ig .59) , appears to be uniform in all Salmonellae. A some

what d i f fe ren t core is present in E. coli and in other major 

groups of the en t e r i c bac t e r i a . 

The biosynthesis of the core presumably begins with 

the t r ans fe r of KDO from cyt idine monophospho-KDO (CMP-KDO) 

(Fig.65) to l i p i d A. Here we see another point of s imi l a r 

i t y between KDO and the s i a l i c acids - the ac t ivated form of 

both is a nucleoside monophosphate a.nd not diphosphate (e .g . 

ur id ine diphosphate g lucose) , as is generally found. In fact, 



these are the only two nucleoside monophosphate sugars t h a t 

have been recognized to date . 

Figure 63 Structure of CMP-KDO. The l inkage between 
the phosphate and the anomeric carbon (C-2) 
of KDO is depicted here as being in the 
α-configurat ion, in common with other sugar 
nuc leot ides , but no proof has been presented 
for t h i s . 

Transfer of KDO to l i p i d A was demonstrated in a 

cel l free system from E. c o l i 0111 but not in Salmonella. 

The enzymically t r a n s f e r r e d KDO appears to be glycosidic¬ 

a l ly l inked, s ince the p o t e n t i a l carbonyl group at C-2 of 

KDO could not be reduced by sodium borohydride. The s i t e 

of attachment of KDO in the acceptor molecule is not yet 

known; presumably it is one of the hydroxyl groups of the 

disaccharide of l i p i d A, or that of the 3-hydroxymyristoyl 

group. L i t t l e is known regarding the biosynthesis of the 

remaining port ion of the inner region of t h e core poly

saccharide. There is evidence for the presence of a 
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branched trisaccharide of KDO, at l e a s t in Salmonella LPS 

(Fig . 62 ) , but no da ta are a v a i l a b l e on t h e enzymic a d d i t i o n 

of the second and t h i r d KDO r e s i d u e s . 

One, or both , of the hep tose r e s i d u e s in LPS a re 

phosphorylated, and different polysaccharide chains may be 

crosslinkcd by phosphodiester linkages. Some mutants 

of Salmonella (P- mutants) produce LPS lacking these phos

phate groups, and the LPS in the i r cel l envelope fract ion 

acts as an acceptor of the terminal phosphate group of ATP 

in a cel l -free system according to the sequence shown 

below: 

It is of in te res t tha t both in i n t a c t co i l s and in a c e l l -

free system, LPS lacking these phosphate groups can accept 

the f i r s t glucosyl group of the outer core, but not the 

next sugar, namely Gal. The phosphorylating enzyme appears 

to prefer LPS containing the heptose subs t i t u t ed by glucose 

to that devoid of the l a t t e r sugar and phosphorylation nor

mally takes place af ter the addition of the f i r s t glucose 

but before the addition of the other monosaccharides of the 

358 
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outer core (A5). 

In cont ras t to the l im i t ed information about the syn

thesis of the inner core (or backbone) , there is now ample 

evidence on the b iosynthes is of the outer co re , mainly due to 

the ef for ts of B. L. Horecker, M. J. Osborn and L. I. Rothfield 

at the Albert Eins te in College of Medicine in New York. The 

outer core is formed by the successive incorpora t ion of g lu

cose, ga lac tose , glucose and N-acctylglucosamine from t h e i r 

corresponding UDP-derivatives. The reac t ions were i n i t i a l l y 

studied in crude ce l l wall p repara t ions (envelope f rac t ions ) 

of su i t ab le mutants (F ig .64) . 

Figure 64 Structure of the core region of the l ipopoly¬ 
saccharide of S. typhimurium. The dot ted l i n e s 
ind ica te the s t r u c t u r e s of some of the d i f fe ren t 
R mutants (Ra - Re). Hep, L-glycero-D-mannohep¬ 
tose ; Ea, ethanolamine. A number of chains are 
cross l inked by phosphate bridges between the 
heptose r e s i d u e s , and by pyrophosphate b r idges 
between the glucosamine res idues of l i p i d A. 
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The incorporation of each of the sugars is s p e c i f i c a l l y 

dependent on the presence of the preceding sugar in the LPS. 

The f i r s t reaction is the t r a n s f e r of glucose (Glc ') to an 

LPS obtained from Rd mutants which contains only heptose and 

KDO in i t s core. The enzyme catalyzing t h i s reac t ion is 

glucosyltransferase I. The enzymic t rans fer of the next 

sugar residue, that of galactose (Gal' in F i g . 64) was accom

plished by using the c e l l envelope preparation from mutants 

defective in UDP-Gal synthes i s . This react ion is catalyzed 

by galactosyl transferase I. The s i t e of attachment of the 

transferred galactose was d i f f i c u l t to determine, because 

the galactosyl linkage formed was extremely a c i d - l a b i l e . 

This problem was f ina l ly solved by B. L. Horecker and his 

coworkers in a r a t h e r ingenious way (Fig .65) . The primary 

alcohol group at C-6 of the t ransferred galactosyl group 

was oxidized into an aldehyde group by the action of galac

tose oxidase. The aldehyde was further oxidized by hypobro¬ 

mite to a carboxyl. Since the glycosidic linkages of uronic 

acids are r e s i s t a n t to acid hydrolysis (p. 62), mild t r e a t 

ment of the oxidized LPS with acid produced an α-(1 3) 

disaccharide of galacturonic acid and glucose (GalUA-α-

(1 3) -Glc). This resu l t c lear ly showed t h a t the galactose 
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is l inked to the glucose res idue of the acceptor IPS through 

an α-(1 3) l i n k a g e . 

F i g u r e 65 Sequence of r e a c t i o n s used for t h e i d e n t i f i c 
at ion of the Gal-α-(1 3)-Glc l inkage in the 
core region of LPS. 

In the e a r l y s tages of the study on core s y n t h e s i s , 

cell envelope p r e p a r a t i o n s served as the source of both 

acceptor and enzyme; for t h i s reason d e t a i l e d work on t h e 

propert ies of t h e g lycosy l t rans fe rases was d i f f i c u l t . The 

s i tua t ion was, however, g r e a t l y improved when LPS in heated 

ce l l envelope prepara t ions was found to serve as an exogen

ous acceptor. By t h e use of t h i s acceptor , enzyme a c t i v i t 

ies were also de tec ted in the soluble f ract ion of sonic 
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e x t r a c t s of S. typhimurium, and it was established that the 

glucosyl- and galactosyltransferases have strict acceptor 

specificities, so that each of them only transfers glycosyl 

groups to the glucose or galactose-deficient LPS, respect¬ 

ively. This important finding established that the sequence 

of various sugars in the core is determined by the donor and 

acceptor specificities of glycosyltransferases which act in 

succession. 

Both the particulate and soluble galactosyltransferases 

of S. typhimurium appear to catalyze the transfer of galactose 

only to the 3 position of glucose. From structural studies, 

however, it was known that the core polysaccharide contains 

a second galactose residue (Gal" in fig.63) linked as an 

α-(l 6) branch to the proximal glucose residue (Glc') attached 

to tho heptose. Galactosyltransferase II, the enzyme respons

ible for the addition of this branch galactosyl residue, has 

not been identified directly, but evidence for its existence 

has been obtained by analysis of mutants deficient in 

galactosyltransferase I. 

The final reactions in biosynthesis of the core have 

been characterized in cell envelopes of mutants of S. typhi¬ 

murium. They involve the transfer of the penultimate glucose 

residue (Glc") to the galactose (Gal') of the core, catalyzed 
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by glucosyl t ransferase II, an enzyme d i f f e ren t from glucosyl¬ 

t rans fe rase I, and the attachment of N-acctylglucosamine to 

Glc", catalyzed by an N -ace ty lg lucosaminyl t ransferase . 

N e i t h e r enzyme has been pur i f i ed , nor is much known about 

t h e i r p r o p e r t i e s . This is in contras t to the s i t u a t i o n with 

g lucosyl t ransferase I and ga l ac tosy l t r ans fe ra se I which have 

Figure 66 Enzymic react ions in the b iosynthes i s of the 
outer core region of the lipopolysaccharide of 
S. typhimurium. Enzymes: [1] g l u c o s y l t r a n s f e r 
ase T; [2] ga lac tosy l t r ans fe rase I; [3] gluco¬ 
sy l t r ans fe rasc I I ; [4] g a l a c t o s y l t r a n s f e r a s e I I ; 
[5] N -acc ty lg lucosaminyl t ransferase . 

been pur i f ied and s tudied in d e t a i l . 

The enzymic s teps leading to the syn thes i s of the 

outer core are summarized in Fig. 66. 

ROLE OF PHOSPHOLIPIDS IN SUGAR TRANSFER (4) 

The a v a i l a b i l i t y of pur i f ied g lucosy l t r ans fe rase I 

and ga lac tosy l t ransferase I, permitted a d e t a i l e d study of 
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the mode of action of these enzymes, and led to the d i s 

covery of the role of membrane phospholipids in th is enzyme 

system. In 1964, L. I. Rothfield and B. L. Horecker made 

the important observation that although the heated ce l l 

envelope fract ion was a good acceptor of glycosyl groups, 

pur i f ied LPS was completely inac t ive . This paradox was 

solved by them when they found tha t the removal of phospho

l ip ids from cel l envelope preparat ions led to the Loss of 

t h e i r acceptor a c t i v i t y . Phospholipids could he added 

back to the extracted cell envelope f rac t ion , or even to 

the purif ied LPS, and heating and slow cooling of the mix

t u r e was found to produce a phospholipid-I.PS or phospholipid-

ce l l envelope complex, each of which was fully ac t ive as an 

acceptor of glycosyl groups. Elec t ron microscope s tudies 

showed that phospholipid molecules were inser ted between 

LPS molecules, and that together these two kinds of molecules 

formed mixed micelles in the aqueous environment. This 

system is an in t e res t ing example in which phospholipids are 

required in a glycosyltransferase react ion. 

Rothfield has further found that the LPS-phospholipid 

complexes appear to he the t rue subs t ra tes of the t r ans fe rases . 

In addition to LPS-phospholipid, LPS-phospholipid-enzyme 

complexes were also i so la t ed by centr ifugat ion through sucrose 
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d e n s i t y - g r a d i e n t s . The binding of the t ransferases in t h i s 

system is very spec i f i c . LPS alone does not bind any enzyme; 

LPS prepara t ions of d i f ferent s t ruc tu re , when complexcd with 

phosphol ip ids , bind only the t ransferase for which these 

p repa ra t ions can serve as subs t ra tes . Thus, the complex of 

g lucose-def ic ien t LPS and phospholipids binds only glucosvl-

t r a n s f e r a s e I and the complex containing ga lac tose-def ic ien t 

LPS binds only ga lac tosyl t ransferase 1. These r e su l t s again 

i n d i c a t e the s t r i c t spec i f i c i t y with which the glycosyl-

t r a n s f e r a s e s i n t e r a c t with acceptors , and suggest an obl ig

a to ry reac t ion sequence of the following type: 

where LPS is a ga lac tose-def ic ient lipopolysacchari.de, PEa 

is phosphatidylethanolamine, and Enz is ga lac tosy l t r ans fe rase 

1. A s i m i l a r react ion sequence holds for the t r ans fe r of 

glucose from UDP-Glc by glucosyl t ransferase I to a su i t ab le 

acceptor . 

Reconst i tut ion of the functional enzyme system in a 

monolayer by stepwise formation of the binary LPS.PEa complex 

and t e rna ry Enz.LPS.PEa from an i n i t i a l monomolocular film of 

phosphatidylethanolamine suggests tha t the arrangement of 
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molecules in the monolayer mimics tha t in the na t ive ce l l 

envelope. The detai led mechanism by which phospholipids 

produce active substrates out of LPS is not completely c l e a r . 

The observation that phospholipid molecules become inse r t ed 

between LPS moiccules suggests that phospholipids night func

tion simply by "supporting" and holding LPS molecules in a 

pa r t i cu la r conformation, so that LPS could i n t e r a c t with the 

act ive s i t e of the enzyme. A model, proposed by R o t h f i e l d , 

which incorporates these ideas , is shown in Tig. 67. 

Figure 67 A speculative model of the membrane containing 
the galactosyltransferase enzyme system. Two 
possible locations of the enzyme are shown. 
A. A portion of the enzyme penetrates into the 
nonpolar interior of the membrane. 13. Enzyme 
is located only in the polar portion of the 
membrane. Present evidence does not permit a 
choice between the two possibilities (4). 
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Such r e c o n s t i t u t e d f u n c t i o n a l enzyme sys tems o f f e r 

the p o s s i b i l i t y to s t u d y t h e . sequent ia l growth o f t h e LPS, 

and t h e movement of: t h e s u b s t r a t e s a n d / o r t h e enzyme 

w i t h i n t h e membrane. S t u d i e s o f t h i s k i n d a r e o f p a r t i c u l a r 

i n t e r e s t s i n c e they may p r o v i d e c lues t o enzyme-d i r ec t ed 

t r a n s . l o c u t i o n p r o c e s s e s in membranes. 
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LIPOPOLYSACCHARIDES - I I : BIOSYNTHESIS 

BIOSYNTHESIS OF O-SPECIFIC CHAINS 

The synthesis of the 0-specif ic side chains (or 

0-antigens) proceeds by an unusual, mechanism, which di f fers 

in many respects from tha t of the synthesis of the core 

polysaccharide (1-4) . The oligosaccharide repeat ing units 

of the O-side chains are f i r s t assembled or. a l i p i d c a r r i e r , 

and only then is the completed chain joined to the core 

portion of the R-lipopolysacchaxidc. Although the di f ferent 

sugars of the outer core are a l l donated by t h e i r UDP der iva t 

ives , th i s is not the case for the synthesis of the O-specific 

chains. For the formation of the l a t t e r , galactose is t r a n s 

ferred from UDP-Gal, L-rhanmose comes from TDP-L-Rha, mann-

ose from GDP-Man, and the dideoxy sugars when present from 

the i r CDP der ivat ives (e .g . CDP-Abe). 

369 
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The discovery t ha t a l i p i d ca r r i e r is required for 

the synthesis of the O-spec i f ic chains was made by P. W. 

Robbins and his coworkers in 1965, at the same time as 

J. L. Strominger and h i s colleagues found that such a 

ca r r i e r is involved in the b iosynthes is of peptidoglycan. 

Because the l ip id c a r r i e r in bac te r i a is present in very 

small amounts and is l a b i l e to both acid and a l k a l i , i t s 

s t ruc tu re was d i f f i c u l t to e s t a b l i s h . However, appl ica t ion 

of mass spectrometry solved the problem, indica t ing c l e a r l y 

that the l i p i d is a phosphate e s t e r of a C55, polyisoprenoid 

alcohol of the following s t r u c t u r e : 

This l i p i d has been ca l l ed by a va r i e ty of names: an t igen-

c a r r i e r l i p id (ACL) phosphate, glycosyl ca r r i e r l i p i d (GCL) 

phosphate, undecaprenyl phosphate or bactoprenol phosphate. 

Poiyisoprenoid compounds are widely d i s t r ibu ted in 

na tu re , but t h e i r funct ion, p a r t i c u l a r l y in bac t e r i a , remain

ed completely unknown u n t i l t h e i r iden t i f i ca t ion in these 

pioneering s tudies as membrane-bound ca r r i e r l ip ids involved 

in the biosynthesis of the O-side chains of LPS and p e p t i d o 

glycan (p.427). The same l i p i d is now known to act as the 
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intermediate c a r r i e r of glycosyl uni ts in the b iosyn thes i s 

of several o t h e r bac te r i a l polysaccharides (5) such as the 

capsular po lysacchar ide of Aerobacter aerogenes, of the 

mannan a s s o c i a t e d with the membrane of M. luteus and perhaps 

in b a c t e r i a l l i po t e i cho i c ac id . Similar l i p i d s (dol ichol 

phosphates) seem to be involved in the b iosyn thes i s of 

animal g lycopro te ins (p.169). 

In b a c t e r i a , the l i p i d in termedia tes arc loca ted in 

the cel l membrane and presumably serve to t r a n s p o r t the 

act ivated suga r s (in the form of t h e i r nuc leo t ide d e r i v a t 

ives) from t h e s i t e of t h e i r synthesis i n s ide the c e l l to 

the s i t e o f t h e i r u t i l i z a t i o n for the syn thes i s o f " e x t r a 

ce l lu l a r " complex polysaccharides. 

The mechanism of b iosynthes is of 0-ant igen has been 

most ex t ens ive ly studied in S. t yph iu r ium in which the 

basic r e p e a t i n g un i t i s the branched t e t r a s a c c h a r i d e 

Abe 

-Man-L-Rha-Gal and in S. newington and r e l a t e d s p e c i e s , which 

contain a s i m i l a r repeat ing u n i t , the trisaccharide Man-L-Rha-

Gal ( F i g . 6 1 ) . The pathway of b iosynthes is which emerged 

from these s t u d i e s is summarized in Fig. 68. The e n t i r e 

react ion sequence is catalyzed by the ce l l envelope f rac t ion 

which c o n t a i n s both the GCL and the f ina l l ipopolysacchar ide 
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Figure 68 Pathway of biosynthesis of the O-specific s ide 
chain off S. typhimuyiysru 

acceptor of the O-antigen chains together with a l l necess 

ary enzyme proteins. The pathway can be divided i n t o t h r ee 

main steps: 

(a) Assembly of the oligosaccharide repeating uni t as a 

l i p id linked o l igosacchar ide (usually t r i - or t e t r a sacch-

aride) intermediate (reactions 1-4, Fig.68). 

(b) Polymerization of the repeating uni ts to form the 

O-specific polysaccharide chain s t i l l linked to the c a r r i e r 

l i p i d (reaction 5) . 

(c) Transfer of the completed polysaccharide chain from t h e 
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ca r r i e r l ip id to the lipopolysaccharide core ( reac t ion 6) . 

The cycle is completed by regenerat ion of the l i p i d 

cur r i e r phosphate in a react ion which removes the terminal 

phosphate from the l i p i d pyrophosphate (PP-GCL) ( react ion 7 ] . 

This pyrophosphatase reac t ion i s s ens i t i ve to b a c i t r a c i n , 

an a n t i b i o t i c which a lso i n h i b i t s peptidoglycan b iosyn thes i s . 

The i n i t i a l step in the sequence ( reac t ion 1) is the 

transfer of galactose 1-phosphate fron UDP-Gal to the l i p i d 

ca r r i e r phosphate P-GCL, to form the monosaccharide l i p i d 

intermediate, with s to ich iomet r ic re lease of UMP. This 

reaction is unusual s ince the sugar is t r ans fe r red toge ther 

with the phosphate moiety, and a nucleoside monophosphate 

(UMP), not a diphosphate (UDP), is re leased . Moreover, in 

contrast to other t r a n s f e r reac t ions of sugar nuc leo t ides 

that we have considered, Gal-PP-GCL is formed in a r eve r s 

ib le reac t ion . I t s equil ibrium constant i s approximately 

0 .5 , indica t ing tha t the bond formed is of high energy. 

This hi.gh energy hond remains i n t a c t un t i l the f ina l t r a n s f e r 

of sugar residues from tho l i p i d in termediate to form a 

glycosidic bond with the acceptor polysaccharide ( the R co re ) . 

In the presence of TDP-L-Rha, Gal-PP-GGL. is e f f i c i e n 

t l y converted to the disaccharide in termediate L-Rha-Gal-PP-

CGL. (reaction 2, P ig .68) . This d isacchar ide de r iva t ive wi l l 
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then accept mannose from GDP-Man to form the t r i s accha r ide 

intermediate Man-I.-Rha-Gal-PP-GCL (reaction 3, F ig .68) . 

With crude envelope preparation from S. typhimurium, the 

l a t t e r intermediate wil l accept abequose from CDP-Abe ( reac

tion 4, Pig.68). In t h i s way the complete repeat ing unit 

of the O-specific chain is obtained as an o l igosacchar ide-

PP-GCL derivat ive. Polymerization of both the t r i - and 

tetrasaccharide intermediates occurs very rapidly above 20°C, 

but formation and accumulation of the monomeric ol igosacch

a r ide- l ip id intermediates (e.g. Man-L-Rha-Gal-PP-GCL) could 

be demonstrated by carrying out the incubations at 10°C. 

Reactions 2, 3 and 4 (Fig.68) have not been charact 

er ized in de t a i l . It is assumed that they are conventional 

glycosyltransfer react ions which yield the nucleoside dipho

sphate as products and are not readily r eve r s ib l e . 

The three t ransferases responsible for synthes is of 

the trisaccharide-PP-GCL in S. typhimurium have been obtained 

in a soluble form by extract ion of the ce l l envelope with 

non-ionic detergents, Evidence for a pyrophosphate l inkage 

between the glycosyl uni t and the l i p id was obtained by b r i e f 

hydrolysis of purif ied L-Rha-GaL-PP-GCL in 0.01 M I1C1, which 

gave a quant i ta t ive yie ld of free disaccharide and inorganic 

pyrophosphate. 
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Chemical synthes is of Gal-PP-ficaprenol (a r e a d i l y 

available geometric isomer of the n a t u r a l glycosyl c a r r i e r 

l ip id) has recent ly been accomplished by C. D. Warren and 

R. W. Jeanloz (A1) . The s y n t h e t i c product (Pig.69) could 

replace the n a t u r a l one in the sequence of cell free 

react ions leading to the synthes i s of the O-specif ic chains 

Figure 69 St ructure of f icaprenol pyrophosphate g a l a c t o s e . 
The ga lactose is α-l inkcd (Al). 

MECHANISM OP POLYMERIZATION 

As mentioned, when Man-L-Rha-Gal is produced, the 

t r i s a c c h a r i d e u n i t s rapid ly polymerize to Form the O-spec

i f i c chain polysacchar ide. The occurrence of l i p i d - l i n k e d 

polymer chains was i n i t i a l l y i n f e r r e d in 1965 from a n a l y s i s 

of the products of O-antigen synthes i s in t h e c e l l envelope 

fraction of a mutant which produced an incomplete LPS core 

s t ructure lacking the attachment s i t e (Glc" in Fig.64) for 

the 0-specif ic cha ins . The enzymic product was i d e n t i f i e d 
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as a polysaccharide with the s t ructure of O-specif ic s ide 

chains but which was not attached to a l ipopolysaccharide. 

It is of i n t e r e s t t ha t a s imilar polysaccharide, known as 

"haptenic O-antigen", was found to accumulate in vivo in a 

var ie ty of core-defective mutants of Salmonella. This poly

saccharide contained a l l the sugar components of the O-spec-

i f i c side chain, but lacked the core and l i p id A, and was of 

lower molecular weight than LPS. 

Direct, evidence that the i n i t i a l product of the 

enzymic polymerization is s t i l l attached to the c a r r i e r l ip id 

was provided by the i so la t ion of an intermediate, so luble in 

chloroform-methanol, which contained a dimer of the repeating 

polysaccharide-l ipid der ivat ives (which are not soluble in 

organic solvents) have not been iso la ted in i n t a c t form clue 

to degradation of the l ab i l e Gal-l-pyrophosphoryl -GCL l i n k 

age during t h e i r extract ion from the incubation mixtures . 

Abequose residues in S. typhimuriun occur as branches 

of the O-side chain, and arc not found in i t s main chain. 

The enzymic polymerization of the O-side chains read i ly 

occurs in the absence of CDP-Abe. Hence, it was thought 

possible that abequose residues are added a f t e r completion 
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of the synthesis of the O-sido chain. However, t h i s hypo

thesis appears unl ike ly in view of the following findings, 

(a) Under cer ta in experimental condi t ions , the incorporat ion 

of mannose, L-rhamnose, and galactose is s t rongly s t imulated 

by the presence of CDP-Abe. (b) By s k i l f u l manipulation of 

the conditions of r eac t i on , especia l ly temperature, Yan-L-

Rha-Gal-PP-GCI. was shown to be a good acceptor of abequose 

residues from CUP-Abe, whereas a c e l l envelope f rac t ion 

containing the PP-GCL-linked polymer of t h i s t r i s a c c h a r i d e 

was inact ive . Also, below 20°C the polymerization of repea t 

ing units was shown to be considerably f a s t e r in the 

presence of CDP-Abe than in i t s absence. (c) A Salmonella 

mutant that was defec t ive in the b iosynthes is of CUP-Abe was 

unable to polymerize the t r i s accha r ide repeat ing un i t s in 

intact c e l l s . These r e s u l t s a l l favour the pos tu la t ed 

sequence shown in F i g . 68, where abequose is added to the 

t r isaccharide PP-GCL, and the r e s u l t a n t t e t r a saccha r ide 

PP-GCL pa r t i c ipa t e s in the polymerization r e a c t i o n . 

The above mechanism of s ide chain modification at the 

t r i sacchar ide - l ip id in termediate does not appear, however, 

to be a general one. In two Salmonella. s t r a i n s in which 

glucose is at tached to the galactose of the Man-L-Rha-Gal, 

modification of the carbohydrate chain was found to take 
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place af ter , and not before, polymerization, while it is 

s t i l l linked to the l ip id ca r r i e r (A2,A3) . Moreover, in 

both s t r a in s , glucose is attached to the main 0 - s p e c i f i c 

chain by transfer from a glucosyl l i p id in te rmedia te , 

most Likely GLc-P-CCL. Here phosphate is not t r a n s f e r r e d 

with glucose (see also p.388). 

Direction OF CHAIN GROWTH (6) 

When an 0-side chain is elongated, a monomeric 

repeating unit has to in te rac t with an oligomer of repea t 

ing uni t s . Both are linked to c a r r i e r molecules, most 

probably to PP-GCL. Here, two possible mechanisms, shown 

Figure 70 Two theore t ica l ly possible methods of chain 
elongation in 0-side chain syn thes i s , as cons id
ered by Robbins et al. (6) . In method A, repeat ing; 
unit monomer is added to the non.-reduci.ng end of 
the growing O-side chain which is linked to PP-GCL. 
In method B, the repeating unit polymer is t r a n s f e r 
onto the non-reducing terminal sugar of the r e p e a t i 
unit monomer, linked to PP-GCL. 



in Fig. 70, may be envisaged, both of which proceed 

through the t r ans fe r of a subs t i tu t ed galactosyl residue 

onto a non-reducing terminal mannosyl residue of another 

repeating un i t . But, whereas in one mechanise the 0-side 

chain "grows" at the non-reducing end (A in Fig .70) , in the 

other the addit ion of new repeating units takes place at 

the reducing end of the polysaccharide (B in Fig.70). The 

elegant pulse-chase experiments of Robbins et al. , using 

a mutant def ic ient in core syn thes i s , c lear ly showed that 

both in vivo and in vitro chain elongation is accomplished 

by the l a t t e r mechanism, that, is by growth at the reducing 

end (Fig. 71.). This s i t ua t ion is ra ther unusual, because 

579 LIPOPOI.YSACCHARIDES II 

Figure 71 Mechanism of polymerization of 0-antigen. 
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most polysaccharides are known to be synthesized by the 

transfer of a glycosyl group to the non-reducing end. It 

must, however, be emphasized that these examples of "growth 

at the non-reducing end" a l l involve d i rec t t r ans fe r of a 

glycosyl group from a sugar nucleot ide , unlike the elonga

tion of 0-s.ide chains, which is mediated by a glycosyl 

car r ie r l i p id . 

The mechanism of chain elongation in 0-antigcn synth

esis is therefore analogous to tha t in f a t ty acid and poly

peptide synthesis , and requires that the reducing terminus 

of the nascent polymer chain remain in an ac t iva ted form 

throughout the en t i re sequence of glycosyl t r ans fe r r e ac t i ons 

(Fig.71). This mechanism of polymerization a lso makes exce

l l en t sense in terms of the molecular a r ch i t ec tu re of the 

ce l l membrane; the l ip id- l inked reducing end of the 

growing polysaccharide chain can be held in close appos i t ion 

to the polymerizing enzyme (reaction 5, Fig.68) and the 

incoming monomer unit within the organized l i p i d - r i c h 

membrane s t ruc ture , while the non-reducing end of the 

polymer is free to extend into the more hydrophi l ic env i r 

onment external to the membrane surface and at a distance 

from the active s i t e of the polymerase. 
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JOINING THE PARTS 

The l a s t r e a c t i o n in t h e s y n t h e s i s of LPS is the 

l inking of the completed O-side chain to t h e c o r e . This 

unusual r e a c t i o n , i n v o l v i n g t h e j o i n i n g of two macromole

c a l e s , was found to occur in a c e l l f ree sys tem. 0 -S ide 

chains l inked to PP-GCL were genera ted in vitro in a c e l l 

envelope p r e p a r a t i o n from a c o r e - d e f e c t i v e mutant , and t h i s 

p a r t i c u l a t e p r e p a r a t i o n was incubated with an exogenous 

core LPS. Eff icient t r a n s f e r of the O-side chain to t h e 

core was c a t a l y z e d by an enzyme or enzymes p r e s e n t in the 

c e l l envelope f r a c t i o n . Unfo r tuna t e ly , s i n c e a s a t i s f a c t o r y 

method for the e x t r a c t i o n of O-side chain p o l y s a c c h a r i d e 

l inked to PP-GCL is not ye t a v a i l a b l e , f u r t h e r r e s o l u t i o n 

of t h i s system has not been achieved . 

IPS can a l s o be a c e t y l a t c d , as in t h e case of t h e LPS 

from S . anatum ( s ee F i g . 6 0 ) . Ce l l envelope f r a c t i o n s of 

t h i s organism were found to t r a n s f e r a c e t y l groups from 

acetyl-CoA to g a l a c t o s e r e s i d u e s of endogenous LPS, or of 

exogenously added o l i g o s a c c h a r i d e s , probably at G-6. The 

s tage of s y n t h e s i s of LI'S at which the a c e t y l a t i o n occurs 

in i n t a c t c e l l s i s no t y e t known. 

Fu r the r l i g h t was shed on the b i o s y n t h e s i s of l i p o -

polysaccharide by t h e i s o l a t i o n of "semirough" (SR) mutan ts , 
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which possess O - s p e c i f i c cha ins In a reduced amount, as 

evidenced by t h e i r r educed c a p a c i t y for b ind ing t h e c o r r e s 

ponding a n t i b o d y . In one of t h e s e g roups , rouC mu tan t s , 

the R antigen, is e n t i r e l y cove red , presumably by a layer 

o f s i n g l e , n o n - r e p e a t i n g O-speci f i c c h a i n s . This p a t t e r n 

s u g g e s t s tha t the enzyme for t r a n s f e r i n g the 0 - s p e c i f i c 

chains to t h e R core ( r e a c t i o n 6, F ig .68) d i f f e r s from the 

enzyme c a t a l y z i n g t h e p o l y m e r i s a t i o n o f the r e p e a t i n g un i t 

( r e a c t i o n 5, F i g . 6 8 ) , which must r ecogn ize a d i f f e r e n t 

a c c e p t o r g roup ; t h e mutant presumably lacks the second of 

t h e s e enzymes. 

Another kind of semirough mutant , rouD, has a s i m i l a r 

smal l amount of C - a n t i g e n , bu t does not expose the under ly ing 

R-an t igen as w e l l . This mutant is b e l i e v e d to have a few 

s p e c i f i c s i d e cha ins of norma] l e n g t h ; presumably some ea r l y 

t r a n s f e r enzyme i s d e f e c t i v e bu t s t i l l somewhat a c t i v e 

( " l eaky b l o c k " ) . 

ASSEMBLY OF IIII.: OUTER MEMBRANE 

A t t e n t i o n has r e c e n t l y been focused on the t o p o l o g i c a l 

a s p e c t s of IPS b i o s y n t h e s i s and on t h e mechanism of assembly 

of the o u t e r membrane, in which LPS is an e s s e n t i a l c o n s t i t 

uent (A4) . M. J. Osborn and h e r coworkers at t he U n i v e r s i t y 

of Connec t i cu t have deve loped for t h i s purpose a new t echn ique 
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for the isolut ion of inner (cytoplasmic) and ou te r membranes 

of Salmonella. The enzymes of 0-antigen b iosyn thes i s were 

shown to be en t i re ly in the cytoplasmic membrane. The same 

location appears probable for the enzymes t h a t s y n t h e s i z e 

the lipopolysaccharide core. 

To obtain ins igh t in to the pathway of LPS assembly, 

a Mutant of S. typhimurium was used which lacks phospho-

mannose isomerase, and is thus unable to form mannose from 

glucose or re la ted carbon sources . In such a m u t a n t , exo

genous mannose is incorporated s p e c i f i c a l l y into t h e O-spec-

i f i c chains. Pulse-chase experiments carr ied out with t h i s 

mutant using radioact ive mannose, showed t h a t the Label. 

i n i t i a l l y appeared in the LPS of the inner membrane but 

within two minutes was t rans fe r red to the outer membrane. 

This was also found to be t rue for both core sugars and fo r 

the 0-antigen chains. Pre-exis t ing core chains p r e s e n t in 

the outer membrane could not ac t as acceptor for newly 

synthesized 0 - antigen side chains . 

The conclusions drawn from these experiments a re t h a t 

LPS is synthesized on the inner or cytoplasmic membrane, 

anchored to th is membrane by the hydrophobic l i p i d A, and 

then t ranslocated to the outer membrane. The minimal s i z e 

of the t ranslocated uni t is not known, and the mechanism of 
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t rans loca t ion is far from being c l ea r . 

Electron microscope observations of E. coli have 

revealed the presence of a l imited number of zones of adhe

sion or "br idges" between the inner and outer membrane. It 

has been assumed tha t t r ans loca t ion of LPS takes place over 

such br idges . This assumption is supported by the finding 

(A5) obtained with a UDP-Gal -4- epimerase def ic ient mutant 

of S. typhimurium, t h a t newly synthesized LPS enters the 

outer membrane via d i s c r e t e export s i t e s . Such mutants, 

you may r e c a l l , w i l l synthes ize a complete LPS when galactose 

is added to t h e i r growth medium. After 30 seconds of incuba

t ion with ga lac tose , about 220 patches of newly made complete 

LPS were observed on the surface of each c e l l , while a f t e r 

2-3 minutes of growth, LPS was randomized. This was e s t ab 

l i shed by examination of the ce l l s in the electron microscope 

a f t e r they had been t r e a t e d with fer r i t in-conjugated a n t i 

bodies d i rec ted agains t complete LPS. 

PHAGE CONVERSION OF 0-ANTIGEN 

One of the most c r i t i c a l fac tors in determining 

whether a bacteriophage wil l in fec t a ce l l is the a b i l i t y 

of the phage to become adsorbed onto the bac te r i a l ce l l ( 6 , 7 ) . 

Adsorption requires the presence of spec i f ic receptor s i t e s 
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on the c e l l surface with which one or nore components of: the 

phage can i n t e r a c t . In the case of the e n t e r i c b a c t e r i a , the 

receptors are present in the l ipopolysacchar ides . Thus, phage 

e1 5 tha t wil l s p e c i f i c a l l y in fec t Salmonella anatum w i l l bind 

with the pur i f ied LPS from th i s organism, but not. with the 

LPS extracted from o ther b a c t e r i a tha t do not adsorb e15. 

Following i t s adsorption to the ce l l su r face , the v i rus 

w i l l generally k i l l i t s host or modify i t by int roducing new 

biosynthet ic pathways in to the metabolic sequences of the 

infected c o l l . The gene t ic material of v i ru l en t v i ruses may 

take command of the b iosyn thc t i c machinery of the h o s t , cause 

the rapid synthes is of v i r a l nuc le ic acid and p ro te in and 

bring about t o t a l des t ruc t ion of the host c e l l . Many b a c t e r 

iophages a re , however, temperate; ins tead of k i l l i n g the 

c e l l , the v i ra l DNA (or RNA) wi l l be in t eg ra ted in to the 

bac t e r i a l chronosome and w i l l be ca r r i ed on in the dormant 

or lysogenic s t a t e . Although such b a c t e r i a l phages do not 

a l t e r the growth r a t e or overa l l economy of the ce l l while 

in the lysogenic s t a t e , they often cause sub t l e changes in 

the biosynthet ic a c t i v i t i e s of the c e l l . 

In 1956, II. Uetake of Kyoto Univers i ty made the 

remarkable observation tha t ce l l s that were lysogenic for 
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e 1 5 , would n o t adsorb new e 1 5 p a r t i c l e s . Lysogenic i n f e c t i o n 

by t h e e15 phage apparently modified the bacterial surface 

and made subsequent adsorption impossible. The chemical basis 

for this change and the underlying genetic mechanise were 

elucidated in the early 1960's by the bri l l iant studies of 

Robbins and his coworkers (6, 7). At the same time they 

also clarified the mechanisms of the chemical, enzymic and 

genetic changes induced in S. anatum. infected by phage e34, 

either directly or after lysogenic infection with phage e15, 

In the 0-specific side chains of E. anatum, the Man-

L-Rha-Gal repeating units are linked to each other by a-(l 6} 

linkages between galactose and mannose, In addition, the 

galactose residues carry acetyl substituents on their C-6. 

Infection with phage e15 leads to the production of poly

saccharide chains which lack 0-acetyl substituents, and the 

Gal-Man linkages are of the β rather than the α configuration. 

Such a polysaccharide can no longer serve as receptor for 

phage c15 but is now a receptor for phage e34 infection 

with e34 results in the giucosylation of the β-linked gal

actose residues. If s.anatum is infected with e34 with

out prior infection with e l 3 , no change in the polysaccharide 

.is observed. However, if such cells are now infected by e15, 

the polysaccharide produced will be of the same structure as 

that obtained by the previously described double infection 
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sequence. The a l t e r a t i o n s in 0-antigen s t ructure associated 

with conversion by e15: and e34 are summarized in Pig. 72. 

Figure 72 Conversion of the 0-antigen of S. anatum by phages 
e15 and e34 

Furthcr analys i s of the system has revealed t h a t four phage 

speci f ic functions or genes are responsible for these a l t e r 

at ions : (a) repress ion of the host t ransacetylase which cat

alyzes acety la t ion of galactosyl residues by acetyl-CoA; 

(b) i n h i b i t i o n of the host α-polymerase, responsible for 

polymerization of the Man-L-Rha-Gal repeating units (reaction 

5, Fig.68); (c) induction of a phage-specified β-polymerase; 

and (d) addit ion of glucose. 

It is i n t e r e s t i n g to note that two di f ferent mechan

isms of i n a c t i v a t i o n arc employed here. The transacetylase 

i s repressed, i . e . i t s synthesis i s blocked; t h i s i s shown 

bv the fact that a f te r infection there is no increase in 
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t ransacety lase a c t i v i t y , but the enzyme t h a t was previously 

synthesized continues to show a c t i v i t y . The α-polymerase, 

on the o t h e r hand, continues to be synthesized by the c e l l , 

but is inact iva ted by a newly formed s p e c i f i c prote in 

i n h i b i t o r . As a r e s u l t , a c t i v i t y of the α-polymerase rap

i d l y decreases, or ceases a l t o g e t h e r , a f t e r in fec t ion . As 

mentioned, in fect ion of 5. anatum lysogonic for c1 5 with 

e3 4 r e s u l t s in an a d d i t i o n a l modification of the O-specific 

chains, namely g lucosylat ion of t h e i r β- l inked galactosyl 

r e s i d u e s . Indeed, the c e l l envelope f ract ion of such infec

ted c e l l s was shown to contain a new glucosyl t ransferase 

which catalyzed the addi t ion of these glucosyl branch u n i t s 

from UDP-Glc to endogenous 0-antigcn acceptors . The mech

anism of g lucosylat ion was e luc idated by A. Wright at Tufts 

Univers i ty, Boston, who found t h a t a l i p i d - l i n k e d der ivat ive 

of glucose, Glc-1-P-GCL p a r t i c i p a t e s as an intermediate in 

the r e a c t i o n (A2) . The evidence s t rongly supports the 

following react ion sequence: 

The studies of Robbins and his coworkers have clearly 

established that the O-antigenic structures arc under genetic 

control, and that the presence or absence of specific enzymes, 
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ra ther than a template mechanism, accounts for s t r u c t u r a l 

s p e c i f i c i t y in polysaccharides. In addi t ion to t h e i r great 

impact on our knowledge of l ipopolysaccharide s t r u c t u r e and 

a c t i v i t y , they are of i n t e r e s t because there are s i g n i f i c a n t 

s i m i l a r i t i e s between the way phage c15 or E34 a l t e r s the 

surface of bac ter ia l c e l l s , and the action of tumor viruses 

on animal c e l l s . Thus, the chromosome of tumor viruses may 

p e r s i s t in the infected animal c e i l in a dormant stage, 

integrated into the host c e l l ' s chromosome. This dormant 

stage may be analogous to the lysogenic s t a t e of such phages 

as ε15 and ε34. Moreover, transformed animal c e l l s are 

known to have a l t e r e d surface c h a r a c t e r i s t i c s . Among the 

most prominent of these are modified carbohydrate r e c e p t o r s , 

as demonstrated by s tudies with l e c t i n s . The analogy between 

transformation of b a c t e r i a l and animal c e l l s should, however, 

be t r e a t e d with caution, since many differences between the 

two processes arc known. More work is required to es tabl i sh 

further s i m i l a r i t i e s and differences between the mechanisms 

by which a phage a l t e r s the surface of i t s b a c t e r i a l host 

and the more complex mechanisms by which a tumor virus aff

ects animal c e l l s . 
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METABOLIC CONTROL OF LPS BIOSYNTHESIS 

An important problem we have no t c o n s i d e r e d is t h e 

mechanism of control of LPS synthesis at the enzymic l eve l . 

Such a control may occur c i ther through the r egu la t ion of 

the production of precursor sugar nucleot ides , or through 

effects on the ac t iv i ty of the t ransferase enzymes. For a 

discussjor of this subject , 1 refer you to the exce l len t 

review of Nikaido (1). 

REFERENCES 

Reviews 

1. Biosynthesis of ce l l wall l.i popolysacchuri.de in 
Gram-negative enter ic bac te r ia , 
II. Nikaido, Advan. Enzymol. 31, 77-124 (1968) . 

2. Biosynthesis of saccharides from glycopyranosyl e s t e r s 
of nucleoside pyrophosphates ("sugar nuc l eo t ides" ) , 
11. Nikaido and W. Z. Hassid , Adv. Carb. Chem. Biochem. 
26_, 351-482 (1971). 

Comprehensive ar.d detailed; deals, with many aspects 
of the subject - from the synthesis of sugar nucleo
tides, through that of simple oligosaccharides, to 
highly complex carbohydrate polymers. 

3. The role of membranes in the synthesis of macromolecules 
M. J. Osborn, in Structure and Function of Biological 
Membranes (Ed. L. I. RothfieldJ, Academic Press , 1971, 
pp.343-400. 

Deals with biosynthesis of lipopolysaccharides and 
other bacterial polysaccharides3 of peptidoglycan 
and glycoproteins. Very interesting and highly 
recommended. 



LIPOPOLYSACCHARIDES II 391 

4 . Biochemis t ry o f b a c t e r i a l c e l l enve lopes , 
V. Braun and K. H a n t k e , Ann. Rev. Biochem. 4 3 , 89-121 
( 1 9 7 4 ) . 

5 . Metabolism and f u n c t i o n o f p o l y i s o p r c n o l s u g a r i n t e r 
media tes in membrane-associated r e a c t i o n s , 
W. J. Lennarr. and M. G. Scher Biochim. Biophys . Acta 
265_, 4 17-441 (1972). 

6 . D i r e c t i o n o f chain growth in p o l y s a c c h a r i d e s y n t h e s i s , 
P. W. Robbins, D. Bray, M. D a n k e r t and A. Wright, 
S c i e n c e 158, 1536-1512 ( 1 9 6 7 ) . 

7 . The r e c e p t o r s i t e f o r a b a c t e r i a l v i r u s , 
R. Losick and P. W. Robbins, S c i e n t . Amor. 221 [ 5 ) , 
.120-126 (1.969). 

Excellent general p r e s e n t a t i o n of the subject. 

8. The r e l a t i o n of b a c t e r i o p h a g e attachment, to l i p o p o l y -
s a c c h a r i do s t r u c t u r e , , 
A. M. C. Rapin and M. M. Kalckar , in M i c r o b i a l Toxins 
(l ids. G. Weinbaum., S. Kadis and S. J. A j l ) , B a c t e r i a l 
E n d o t o x i n s Vol. 4 , Academic P r e s s , 1971, p p . 267-307. 

S p e c i f i c a r t i c l e s 

Al. Chemical s y n t h e s i s o f p y r o p h o s p h o d i e s t e r s o f carbohyd
r a t e s and i s o p r o a o i d a l c o h o l s . L i p i d i n t e r m e d i a t e s o f 
b a c t e r i a l c e l l wall and a n t i g e n i c p o l y s a c c h a r i d e 
b i o s y n t h e s i s s 

C. D. Warren and R. W. JeanLoz, B i o c h e m i s t r y 1 1 , 2565-
2572 (1972) . 

A2. I s o l a t i o n and c h a r a c t e r i z a t i o n ot" n o n c o n v c r t l n g mutants 
o f b a c t e r i o p h a g e ε 3 4 , 

A. Wright and N. B a r z i l a i , J . B a c t o r i o l . 105, 937-939 

(1971) . 

A3. Glucosyl a t i o n of l ipopolysaccharide in Salmonella 
b i o s y n t h e s i s of 0 a n t i g e n f a c t o r 12>: . I I . S t r u c t u r e 
o f t h e l i p i d i n t e r m e d i a t e , 
K. Nika ido and H. N i k a i d o , J. B i o l . Chem. 246, 3912-
3919 (1971) . 

3se also papers on pp.3902-3911, 3920-3927. 



392 COMP LEX CARBOHYDRATES 

A4. Structure and biogenesis of the cell envelope of Gran-
negative bacter ia , 
M. J. Osborn, P. D. Rick, V. Lehmann, E. Rupprecht and 
M. Singh, Ann. N.Y. Acad. Sci. 235, 52-65 (1974). 

A5. Outer membrane of Salmonella. Si tes of export of newly 
synthesiscd lipopolysaccharidc on the b a c t e r i a l surface, 
P. F. MUhlradt, J. Menzel, J. R. fiolecki and V. Speth, 
Cur. J. Biochem. 35, 471-481 (1973). 

A6. Bacteriophage attachment s i t e s , sero logica l spec i f i c i ty 
and chemical composition of the l ipopolysaccharides of 
semirough and rough mutants of Salmonella typhimurium, 
A. A. Lindberg and C. G. He l l e rqv i s t , J. Bac ter io l . 
105, 57-64 (1971). 



20 

PE.PTlDOGLYCAN - I: STRUCTURE 

Among the d i f fe ren t const i tuents of the b a c t e r i a l 

cell, wall , the most important for the survival and i n t e g r i t y 

of the c e l l is the peptidoglycan (glycopeptide, mucopeptide 

or murein) (1 -3 ; see also f i r s t part, of lecture 17). I t is 

found in a l l p rocaryot ic organisms with the exception of 

those l iv ing under abnormal conditions, such as the ha loph i l i c 

bac te r i a which inhabi t the Dead Sea, and the Mycoplasms, which 

are normally i n t r a c e l l u l a r p a r a s i t e s . Peptidoglycan is the 

polymer t ha t imparts r i g i d i t y to the cel l wal l , and thus to 

the cel l as a whole. Interference with i t s synthesis or 

i t s removal r e su l t s in loss of t h i s r i g i d i t y and leads to the 

formation of a f r ag i l e protoplas t or sphcroplast which under 

normal hypotonic condit ions, swells and b u r s t s . 

Although considerable var ia t ions in the composition of 

393 
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the cell wall, occur when bac ter ia are grown under d i f f e r e n t 

conditions, the basic organization of the peptidoglycan, and 

most of i t s essential s t ruc tura l fea tures , are not changed. 

Our knowledge of peptidoglycan s t ruc tu re is der ived 

largely from studies of the cell wall of a limited number of 

organisms: the Gran-positive Micrococcus luteus in which 

peptidoglycan comprises 60-70% of the dry weight of the c e l l 

wall, and Staphylococcus aureus (40-60% of the dry weight of 

the wall), and the Gram-negative Escherichia-coli (5-10%). 

The f i r s t of these has been under inves t iga t ion in our l a b 

oratory for over a decade. 

Early studies on the composition of micrococcal and 

staphylococcal cel l wal ls , carr ied out mainly by M. R. J. 

Salton in the 1950' s, showed tha t , l ike the walls of many 

other Gram-positive bac te r ia , they contained only a few 

amino acids in s igni f icant concentration: usual ly a l an ine , 

glutamic, glycine and lys ine . That these were not present 

as constituents of proteins was suggested by both t h e i r 

res t r i c ted range and by the discovery, made almost 20 years 

ago, that some of the amino acids were of the "unnatura l" 

D-configuration. Tne other major components found in acid 

hydrolysates of these cel l walls were two amino sugars , 

glucosamine and muramic acid. The l a t t e r is the 3 -0-D-lacty l 
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ether of glucosamine (see p. 16) . A major advance in the 

elucidation of the nature of ce l l wal1 peptidoglycan came 

when J. T. Park found, in 1949 at the Universi ty of Wiscon

s in , that: p e n i c i l l i n - i n h i b i t e d S. aureus, c e l l s accumulated 

a previously unknown complex ur id ine d e r i v a t i v e . The g rea t 

significance of this f inding, made almost simultaneously with 

the isolat ion by Le lo i r ' s group of the f i r s t sugar nucleo

t i de , UDP-Glc, was not recognized at the t ime, The s t r u c t u r e 

of those nucleot ides , shown to contain N-acetylmuramic acid 

and the same amino acids (with the exception of glycine) as 

are present in the Staphylococcal ce l l wal l , was e luc idated 

several years l a t e r by Park and by J. L. Strominger. Since 

there was already evidence tha t p e n i c i l l i n k i l l s bac te r ia by 

in te r fe r ing with ce l l wall synthesis in growing c u l t u r e s , 

Park and Strominger proposed, in a c l a s s i c a l paper published 

in 1957 (A1), that the .N-acetylraurairtyl-peptide nuc leo t ides 

might be precursors of the ce l l wall peptidoglycan, the 

biosynthesis of which was inh ib i t ed by p e n i c i l l i n . The 

peptidoglycan could thus be envisaged as cons i s t i ng of a 

polysaccharide made of glucosamine and mu'ramic acid res idues , 

in t he i r N-acetyla ted form, with pept ide s ide chains a t tached 

to the muramic acid by an amide l inkage. 

Direct information on the s t ruc tu re of peptidoglycan 



has been gained largely by the .study of low molecular weight 

degradation products i so la ted from i t s enzymic d iges t s (2) . 

Most useful for th is purpose was lysozyme from hen cgg-white; 

but other glycosidases, as well as special pep t idases , a l so 

played an important ro le in. the elucidation of the s t r u c t u r e 

of peptidoglycan. 

STRUCTUR1: OF THE GLYCAN MOIETY 

The f i r s t evidence tha t the glycan is a l i n e a r chain 

in which the component acetamido sugars a l t e r n a t e r e g u l a r l y , 

was obtained by M. R. J. Salton and J. M. Chuyscn in 1959. 

In the i r s tudies , they used ce l l walls of,", luteus, the 

substrate t rad i t iona l ly employed for the inves t iga t ion of 

hen egg-white lysozyme. A typical preparation of p u r i f i e d 

cel l walls of th i s organism contains the following c o n s t i t 

uents (molar proportions r e l a t i v e to glutamic a c i d ) : 

D-glutamic acid 1, L-lysinc 1, glycine 1, L-alanine 1, 

D-alanine 1.2, .7-acetylglucosamine 1, :V-acetylmuramic ac id 1, 

glucose 3, N-acetylaminomannuronic acid 1. (The l a s t two 

sugars are part of a ce l l wall polysaccharide d i s t i n c t from 

peptidoglycan; see p. 328) . 

From lysozyme digests of M. luteus, Salton and Ghuysen 

isolated in small amounts a disaccharidc, N - a c e t y l g l u c o s a i n y l -
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.Y-acetylmuramic acid (GIcNAc-MurNAc) and t h e c o r r e s p o n d i n g 

te t rasacchar idc , ClcNAc-MurNAc-ClcXAc-MurNAc. On the b a s i s 

of chemical and onzymic cxperiDents, t h e . s t r u c t u r e 

GlcNAc- β-(1 6) -MurNAc was proposed for t h i s d i s a c c h a r i d e . 

The correct s t r u c t u r e of the disaccl iar ide was e s t a b l i s h e d 

in 1963 by R. W. Jcanloz, II. M. Flowers and myself at thc 

Massachusetts General Hospital in Boston (A2) , a f t e r we had 

developed methods for i t s i s o l a t i o n on a. l a r g e s c a l e ( e . g . 

0.1 g from about 1.5 g of p u r i f i e d w a l l s ) and Flowers mid 

Jeanloz had synthesized the disaccl iar ide G l c N A c - - ( l 6) -MurNAc 

for comparison. Although the n a t u r a l and s y n t h e t i c p r o d u c t s 

were very s i m i l a r , i f not i d e n t i c a l , in most of t l ic: ir p r o p e r 

t i e s , they differed markedly in the molar c o l o r y i e l d they 

gave in the Morgan-HI son react ion for A '-acety lhexosanines . 

We concluded, there fore , t h a t the n a t u r a l d i s a c c h u r i d e is 

3-(l 4) l inked ( F i g . 7 3 , I ) . Final proof for t h i s s t r u c t u r e 

was recently obtained by complete chemical s y n t h e s i s of t h e 

fully acety lated derivat ive of the d i sacc l iar ide GlcNAc-β-

(l 4) -MurNAc, and the demonstration of i t s i d e n t i t y with t h e 

same der ivat ive of the n a t u r a l product (A3) . 

The t c t r a s a c c h a r i d c , a lso i s o l a t e d in r e l a t i v e l y 

large amounts, has the s t r u c t u r e GlcNAc-β-(l 4) -MurNAc-β-(1 4) -

G.lcNAc-β-(l 4)-Mur.NAc. The l a t t e r compound was one of t h e 
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Figure 73 S t ruc tu r e of disaccharides i so la ted from the 
peptidoglycan of M. leteus ( I , III) and of 
S. aureus Copenhagen (I-IV) . 

f i r s t low molecular weight compounds shown to be a substrate 

for lysozymc (Fig. 74) . Subsequently, it played an import

ant r o l e , through the ex tens ive work car r ied out in our 

l abora to ry (4) in helping to understand the mechanism of 

act ion of t h i s enzyme ( 5 ) . 

In addi t ion to providing much information on the 

s t r u c t u r e of the glycan chain of peptidoglycan, formation 

of these o l igosacchar ides by lysozyme digest ion of M. le teus 

shows t h a t in i t s peptidoglycan a s ign i f i can t proportion 

(50%) of the N-acetylinurainic acid residues are devoid of 
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Figure 74 Hydrolysis of the c e l l wall t e t r a s a c c h a r i d c by 
hen egg-whitc lysozyme to give the disaccharide 
GlcN Ac - β - (l 4 ) -MurN'Ac. 

peptide s u b s t i t u e n t s . This is not a typ ica l case; for the 

i s o l a t i o n of s imi lar o l igosaccharides from other organisms, 

i t i s necessary to digest t h e i r peptidoglycan both with 

lysozyme and a speci f ic amidasc that breaks the anide bond 

1 linking the peptide s ide chains with the l a c t y l group of 

N-acetylmuramic acid. Thus, l y s i s of c e l l walls of S. aureus 

Copenhagen with a lysozyme-like l y t i c enzyme (endo -.N- acetyl -

muramidase) from Strepiomyces albus or from the fungus 

Chalarcpais, re su l ted in the hydrolysis of 95% of the N-acetyl-

muramy1 l inkages, giving a high molecular weight glycopeptide 
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cons is t ing of c ross l inked peptides subs t i tu ted by disaccha-

r ide residues derived from the glycan chain. Removal of the 

peptide was ef fec ted with a Streptomyaes N-acetylmuramyl-L-

alanine amidase, which cleaved the amide l inkage mentioned 

e a r l i e r , l i b e r a t i n g N-terminal L-alanyl residues and two 

d i f fe ren t d i s accha r ides . One of these was i den t i ca l with 

the d isacchar ide Glc.NAc-3-(l 4) -MurNAc i so l a t ed e a r l i e r from 

M. luteus (Fig. 7 3 , I ) , while tlie other was a 6-0-acetyl 

de r iva t ive of t h i s d i sacchar ide , the subs t i tucn t being on 

the .V- acetyl muramic acid moiety (Fig. 73, IIJ . 

Ihe fragments r e l eased from peptidoglycan by hen 

egg-white lysozyme and r e l a t e d enzymes a l l contain //-acetyl -

muramic acid at t h e i r reducing end. Such enzymes, sometimes 

c l a s s i f i e d as N-acctylmuramidases, cannot cleave glyco.sidic 

l inkages between N-acetylglucosamine and N-acetylmuramic 

ac id . The l a t t e r l inkage can be cleaved enzymically by 

spec ia l endo-N-acetylglucosaininidase, of which lysostaphin, 

i s o l a t e d from a s t r a i n of 6". oursun, is the best known 

r e p r e s e n t a t i v e . Lysostaphin preparations a re , however, 

impure, and in add i t ion to endo-N-acetylglucosaminidase, 

they contain endopept idases , including an N-acetylmuramyl-

L-alanine amidase. Prolonged incubation of 5. aureus cel l 

walls with lysos taphin led d i r e c t l y to the formation of two 

http://aiiiida.se
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consist ing of cross l inked peptides s u b s t i t u t e d by disaccha-

r ide residues derived from the glycan chain. Removal of the 

peptide was effected with a Streptomyces N-acetylmuramy1-L-

alanine amidase, which cleaved the amide l inkage mentioned 

e a r l i e r , l i b e r a t i n g S-terminal L-alanyl res idues and two 

dif ferent disaccharides . One of these was i d e n t i c a l with 

the disaccharide GlcNAc-β-(l 4) -MurNAc i s o l a t e d e a r l i e r from 

M. luteus (I'ig. 73,1) , while the o t h e r was a 6-O-acetyl 

derivat ive of t h i s d i sacchar ide, the s u b s t i t u e n t being on 

the N-acetylmuramic acid moiety (Fig. 73, II) . 

The fragments re leased from peptodoglycan by hen 

egg-white lysozyme and r e l a t e d enzymes a l l contain ,N-acetyl-

muramic acid at t h e i r reducing end. Such enzymes, sometimes 

c lass i f ied as N-acetylmuramidases, cannot cleave glycosidic 

linkages between N-acctylglucosamine and N-acetylmuramic 

acid. The l a t t e r l inkage can be cleaved enzymically by 

special endo-N-acctylglucosaminidases, of which lysostapliin, 

i so la ted from a s t r a i n of S. aureus,, is the best known 

representat ive, Lysostaphin preparat ions a r e , however, 

impure, and in addit ion to endo-N-acetylglucosaminidasc, 

they contain endopeptidases, including an N-acetylmuramyl-

L-alanine amidasc. Prolonged incubation of S. aureus cel l 

walls with lysostaphin led d i r e c t l y to the formation of two 
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disaccharides in high y i e l d . Those were shown to possess 

tho s t r u c t u r e MurNAc-β-(l 4) -GlcXAc and 6-0-AcNfurNAc-β-(1 4) -

ClcNAc (Fig. 7 3 , I I I . a n d IV). They are the corresponding 

isomers of the disaccharides i s o l a t e d from lysozyme digests 

of ce l l wal l s . The disaccharide MurNAc-β.-(1 4) -CilcNAc has 

also been found in lysostaphin d iges t s of M. leteus c e l l 

walls. 

I s o l a t i o n of i n t a c t glycan from the walls of S. aureus 

Copenhagen has been achieved through the use of an extra

c e l l u l a r enzyme from a Myxobacter s p e c i e s . This enzyme is 

a peptidase which hydrolyses D-alanylglycine, gLycylglycine 

and N-acetylmuramyl-L-alanine bonds. The enzyme is devoid 

of glycosidase (glycanase) a c t i v i t y so t h a t the undegraded 

glycan :is a l so produced. Part of the glycan remains in 

associat ion with the t e c h o i c acid present in ce l l walls of 

S. aureus and, a f t e r removal of t h i s complex by p r e c i p i t a t i o n 

with t r i c h l o r o a c e t i c acid, glycan prepara t ions e s s e n t i a l l y 

free from pept ide were obtained. Such preparat ions had a 

low speci f ic r o t a t i o n , consis tent with the presence of 

β-glycosidic l inkages , and were r e s i s t a n t to oxidation with 

pcr iodate. The i s o l a t e d glycan was r a p i d l y and completely 

hydrolyzed to disacchar ides by the lysostaphin en do-A7-acetyl-

glucosaniinidase. Treatment of the i n t a c t chains with t r i t i -
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atod sodium. borohydride followed by hydrolys is of the 

reduced glycan afforded t r i t i u m labeled g Luco.sacLr.it ol but no 

rad ioac t ive inurami ci to 1 ( the corresponding alcohol of muramic 

a c i d ) , showing that the glycan chains terminate at the red

ucing ends exclus ively in N-acetylglucosamine. Chain length 

determinatjon, based on c i t h e r measurements of t r i t ium incor

porated on reduction with labe led borohydridc or of formalde

hyde formed on oxidat ion of the reduced glycan with per iodatc , 

i nd ica te tha t the average chain length is about .1.2 to 1.6 

d isacchar ide u n i t s , and the polymer is h ighly d i sperse , 

containing f r ac t ions of as few as 2 and as many as 50 

disacchar ide u n i t s . The f ac to r s which determine the glycan 

chain length arc not known; i t is poss ib le tha t par t of the 

terminal groups are formed by the action of endogenous, 

c e l l wall bound g lycos idases . Indeed, S. aureus Copenhagen 

has been shown to contain an a u t o l y t i c cndo-.V-acetylglucos-

aminidase which is presumably ac t ive during growth, cleaving 

the poptidoglycan e i t h e r in the i n t a c t organism or in the 

i s o l a t e d c e l l wal l , thus accounting for the terminal reducing 

r e s idues . 

Approximately 60% of the N-acetylmurainic acid residues 

along the glycan chain of S, aureus Copenhagen are s u b s t i t 

uted at t h e i r C-6 by an O-ace ty l group, but nothing is known 

http://Luco.sacLr.it
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of the d i s t r i b u t i o n of the N, O-diacetylmuramic acid res idues 

along the glycan chain. 

Increasing evidence is becoming available on the 

s t r u c t u r e of the glycan moiety of peptidoglycan in o t h e r 

bacter ia (6) . P u r i f i e d peptidoglycan f rom most b a c t e r i a is 

suscept ib le to the act ion of lysozyme and r e l a t e d enzymes, 

a l l of which are be l ieved to be s p e c i f i c for β-(1 4) N-acetyl-

hexosaminidic l inkages [although in our l a b o r a t o r y we have 

found t h a t lysozymo wi l l cleave G1cNAc-β-(1 2) l inkages 

(A4)]. Furthermore, whenever d i sacchar ides were i s o l a t e d 

from ce l l wall d i g e s t s , they appeared to be i d e n t i c a l with 

G1cNAc-β-(1 4)-MurNAc, or MURNAC-β-(1 4)-GlcNAc These and 

otlier findings s t rongly suggest t h a t in a l l b a c t e r i a the 

glycan chains are s i m i l a r to those found in K. luteus and 

S. aureus in that they cons i s t of a l t e r n a t e res idues of 

N-acetylg lucosamine and N-acetylnuramic l i n k e d together by 

si-(.l->4) bonds. 

A small number of exceptions to t h e above s t r u c t u r e 

has been reported. These include (a] the presence of a 

small. amount of the manno isomer of muramic acid, i n s t e a d 

of the usual glucose d e r i v a t i v e ; (b) replacement of the 

N-acotyl group of muramic acid by the N - g l y c o l y l (CH2OH-CO-) 

group (e.g. in Mycobacteria) ; (c) absence of a s u b s t i t u e n t 
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on the amino group of muramic acid (A5) or of glucosamine; 

and (d) s u b s t i t u t i o n of the C-6. No galactomuramic acid 

could be i d e n t i f i e d in any of the cel l walls analyzed. It 

thus appears tha t the Linear arrangement of the 3-(1 4) 

l inked c h i t i n - l i k e s t r u c t u r e confers to the glycan backbone 

a conformation which is probably essen t ia l for the r i g i d i t y 

and function of the polymer, so t ha t any mutation which 

would a l t e r t h i s conformation would probably be l e t h a l , 

Hpimerizat ion at C-2 does not modify the bas ic conformation 

of the polymer, which explains the occurrence of small 

amounts of mannomuramic acid in walls of .M luteus. 

STRUCTURE OP THE PEPTIDE MOIETY 

In the case of M. luteus, the d i - and tetrasaccharidos 

are the p r inc ipa l components of the low molecular weight 

f rac t ion obtained from lysozyme digests of the wal ls : 

toge ther , these two products account for about 12% of the 

weight of the wa l l , or about 45% of i t s amino sugar content. 

Mothe r important cons t i tuen t of the digest arc low molecular 

weight glycopept ides , in which N-acetylglucosamine and N-

acetylmuramic ac id are l inked to peptide moieties consist ing 

of D-gluta.mic, L- lys ine , DL-alaninc and glycine in the 

approximate molar r a t i o s of 1 : 1 : 2 : 1 , as found in the in tac t 
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c e l l w a l l . 

In .1967, D. Mirelman and I developed a p r e p a r a t i v e 

method which enabled us to i s o l a t e glycopeptides f rom lyso-

zyme digest of M luteus (A5) in quant i t ies s u f f i c i e n t for 

complete chemical c h a r a c t e r i z a t i o n . The major g lycopept ide , 

present in the digest at about 10% of i t s weight, gave, 

upon digestion with Streptomyces amidase, the d i s a c c h a r i d e 

G1CNAC-Β-(1 |4) -MurNAc and a pontapept ide. P a r t i a l acid 

hydrolysis of the pontapeptide afforded two fragments, 

L-Ala-D-Glu-Gly and L-Lys-D-Ala. The s t ructure of these 

fragments, as well as t h a t of t h e i n t a c t pentapept ide , was 

establ ished by end group a n a l y s i s and chemical degradat ion. 

In p a r t i c u l a r , hydraz inolys i s experiments have shown t h a t in 

the t r i p e p t i d e the glycine is l inked to the α-carboxyl of 

glutamic acid whereas the γ-carboxyl is f ree, and t h a t in 

the i n t a c t pentapeptide the l a t t e r group is l inked to the 

a-amino group of L-.lysine, the έ-amino group of which is 

free. The s t r u c t u r e of the d i sacchar ide-pentapept ide based 

on these studies is given in F i g . 75. another g iycopeptide 

i so la ted by Mire1man proved to be a dimer of the d i sacchar

ide-pontapeptide, l inked through a peptide bond farmed 

between the free carboxyl of t h e terminal D-alanine of one 

peptide chain and the έ-amino group of the o t h e r pept ide 

http://disacchari.de
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moiety (Fig. 76) . 

The peptide sequence L-Ala-D-isoGlu-L-Lys-D-Ala is 

known to occur in nucleot ide in termediates of bac t e r i a l ce l l 

wall synthes is ; t h i s s t r uc tu r e has he en es tabl i shed by chem

ical synthesis. The samc peptide sequence has bean shown to 

be present in ce l l walls of S. aureus.. 

In attempting to formulate the s t ruc tu re of i n t a c t 

M. luteus peptidoglycan from the fragments i so la ted a f t e r 

i t s digestion by Iysozyme, two important facts must be borne 

in mind: (a) the chemical composition of the wall (p.396) 

seems to indica te the presence of one pentapeptide for each 

N-ncotylinura::i:i.c acid res idue; and (b) enzymic and chemical 

inves t iga t ions ( e .g . i s o l a t i o n of d i - and tctrasacchari.dcs) 

showed that at least 45% of the N-acetylmuramic acid residues 

are unsubst i tuted. To account for these apparently conf l i c t 

ing f indings, it was pos tu la ted that in M. luteus pept ido-

giycan a second type of peptide bridge is present , in addi

tion to the D-Ala-i:-L-Lys bridge found in the disaccharidc-

pentapeptide dimer described e a r l i e r . According to th i s 

assumption, the peptide subunits wore also crosslinked 

through D-alanyl-I.-alanyl l inkages, involving the C-terminus 

of one sub uni t and the N-terminus of another. This assump

tion was proved correct by the i so la t ion of the D-Ala-L-Ala 

http://synthes.it
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Figure 77 Pept ide c ros sb r idges in M. l u t e u s p e p t i d o g l y c a n 
formed by pontapoptide subunits (n=2, 3 or 6 ) . 
Arrows: peptide linkages hydrolyzed e i t h e r by 
Myxobacter AL peptidase ( I ) , by Streptomyces ML 
endopeptidase ( I I ) , or by N-acetylmuramyl -L-Ala. 
amidase (III) . In the course of wall degradation 
the N-acetylmuramyl linkages are also hydrolyzed 
by accompanying glycosidascs. 

dipeptide from p a r t i a l acid hydrolysatcs of M. luteus, and 

the pentapeptide oligomers, linked "head to t a i l " v ia D-Ala-

L-Ala linkages, from walls digested with Streptomyces ML 

endopeptidase (which hydrolyzes the D-Ala-s-L-Lys l inkages , 

enzyme II in Fig. 77) and an N-acetylmurarnyl-L-Ala amidase 

(enzyme I I I , Fig.77). 

The two types of peptide crossl inkages described 

in te r l ink the glycan chains in M. lutsus and lead to the 

formation of one giant highly insoluble bag-shaped macro¬ 

molecule. 



E x t e n s i v e s t u d i e s o f t h e c e l l w a l l o f S . a u r e u s 

Copenhagen, u s i n g a v a r i e t y o f l y t i c enzymes, have e s t a b 

l i s h e d t h a t the p e p t i d e m o i e t y o f i t s p e p t i d o g l y c a n c o n s i s t s 

o f t e t r a p e p t i d e s i d e c h a i n s L-Ala-D-IsoGlu-L-Lys-D-Ala, 

s i m i l a r t o t h o s e f o u n d i n M . l u t e u s . I n S . a u r e u s however , 

t h e α - c a r b o x y l o f t h e g l u t a m i c a c i d i s s u b s t i t u t e d b y a n 

amide g r o u p , and not by g l y c i n e as in M. lutesus. The t e t r a ¬ 

p e p t i d e side c h a i n s are c r o s s l i n k o d b y p e n t a g l y c i n e b r i d g e s , 

e x t e n d i n g from t h e D - a l a n i n e r e s i d u e o f one s i d e c h a i n , t o 

the ε - N h 2 group o f t h e L - l y s i n e o f a n o t h e r s i d e chain ( F i g s . 

78, 79) . 

I II 

Figure 78 Glycopeptides obta ined by d iges t ion o f . S. aureus 
peptidoglycan with N-acetylmuramidase. 
I : d i s a c c h u r i d e - d e c a p a p t i d e ; I I : c ross l inked 
glycopcptidc. 
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Figure 79 S t r u c t u r e of the peptidoglyean of S. aureus 
Copenhagen. Arrows: linkages cleaved by 
lysozyme ( 1 ) , lysostaphin ( I I ) , N-acetylinuramyl-
L-Ala amidase ( I I I ) , Myxobacter AL peptidase 
(IV) , SA endopeptidase (V) . For fur ther d e t a i l s 
see r e f . 2 . 

Confirmation of the s t r u c t u r e of S. aureus peptido¬ 

glycan has been obta ined using the Myxobacter peptidase 

which hydrolyzes mainly the pentaglycine bridge at three 

p o s i t i o n s : 

-D-Ala-Gly-Gly-Gly-Gly-Gly-εNH-L-Lys-

giving t r i - and t e t r a g l y c i n e and exposing C-terminal 

D-a lan ine . 

Another important di f ference between the M. luteus 

pcptidoglycan and t h a t of S. aureus is that in the l a t t e r , 

a l l the carboxyl groups of the N-acetylmuramic acid res idues 
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are s u b s t i t u t e d by p e p t i d e s i d e c h a i n s . This pept ido¬ 

glycan p o s s e s s e s , t h e r e f o r e , a much t i g h t e r t h r e e - d i m e n s i o n a l 

s t r u c t u r e than t h a t o f M. l u t e u s . I t shou ld be noted t h a t 

t h e s t r u c t u r e shown in F i g . 79 is an o v e r s i m p l i f i c a t i o n in 

t h a t the S t aphy lococca l cell wal l is about 200 A t h i c k and 

so presumably c o n t a i n s s e v e r a l s h e e t s of p e p t i d o g l y c a n h e l d 

t o g e t h e r by c r o s s l i n k a g e s . 

PEPTIDOGLYCAN CHEMOTYPES IN DIFFERENT BACTERIAL 
SPECIES 

Whereas the g lycan s t r a n d s of p e p t i d o g l y c a n appear to 

be remarkably uniform in t h e g r e a t ma jo r i t y o f b a c t e r i a l 

s p e c i e s , t h i s i s not t h e case fo r t h e p e p t i d e moie ty . The 

s t r u c t u r e o f the p e p t i d e s i d e cha ins i s known to vary , 

al though to a l imi t ed e x t e n t , wh i l e the n a t u r e of the c r o s s ¬ 

b r i d g e s l i n k i n g t h e p e p t i d e s i d e cha ins i s h i g h l y v a r i a b l e . 

Mainly as the r e s u l t o f t h e v a r i a t i o n in t h e i n t e r p e p t i d e 

b r i d g e s , about 60 d i f f e r e n t types of p e p t i d o g l y c a n a r e 

known today . 

In most organisms s t u d i e d , the p e p t i d e u n i t l inked 

to the l a c t y l moiety o f the N -ace ty lmuramic a c i d c o n s i s t s 

of four amino a c i d s , wi th t h e gene ra l sequence L-a lany l (o r 

sometimes L - s c r y l or glycyl)-D-glutamyl-L-R3-D-alanine, where 







two tetrapeptides. In chemotype III, a var ia t ion of chemo¬ 

type ΙI, the bridge is made up from one or several peptides 

each having t h e same amino acid sequence as the peptide 

subuni t . Such a crossbridge is found in M. luteus (Fig .77) . 

Chemotype IV d i f f e r s from t h e o t h e r chemotypes, s ince here 

one a d d i t i o n a l diamino acid (such as D-dianinobutyric acid, 

D - o r n i t h i n e or D-lys ine), or a s h o r t peptide containing a 

diamine) ac id, extends from the C-terminal a lanine to the 

v- carboxyl group of D-g1utamic a c i d . 

The t i g h t n e s s of the peptidoglycan net depends upon 

the length of the glycan s t r a n d s , the frequency with which 

the glycan s t rands are s u b s t i t u t e d and the frequency with 

which the t e t r a p e p t i d e s are cross l inked. Depending upon the 

b a c t e r i a , the chain length of the glycan s t rands averages 

between 20 to 140 hexosamine r e s i d u e s , the percentage of 

p e p t i d c - s u b s t i t u t e d N-acetylmuramic acid var ies from 50-100, 

and the average s i z e of p e p t i d e moiet ies is between 2 and 10 

cross l inked pept ide s u b u n i t s . E v i d e n t l y , many terminal 

groups are present in both the glycan and the peptide moie

t i e s of the n e t . They r e f l e c t at l e a s t in p a r t the dynamics 

of b a c t e r i a l growth. 
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GENERAL STRUCTURE OF THE PEPTIDOGLYCAN 

No d i rec t study of the secondary s t r u c t u r e of pepti¬ 

doglycan has yet been made, but models have been described. 

In one of these (A6) glycan chains are aligned head to t a i l 

and are hydrogen-bonded together. A model in which the 

pept ide chains adopt a he l ica l configuration allows the 

formation of only a few hydrogen bonds. The repeat ing uni t 

required for an α-hel ix is not present because of the involve

ment in peptide linkages of the y-carboxyl group of glutamic 

acid and the c-amino group of lysine. However, a p lea ted 

sheet (3-configuration) s t r u c t u r e containing trans carboxyl 

groups provides a regular n e t l i k c s t ructure in which 60% of 

the amino groups could he hydrogen-bonded. For more recent 

and i n t e r e s t i n g proposed configurations of peptidoglycan 

s t r u c t u r e , shown by space-f i l l ing molecular models , see 

reference A7. 

REFERENCES 

Reviews 

1. See l e c t u r e 17, references 1-4. 

2. Use of b a c t e r i o l y t i c enzymes in determination of wall 
s t r u c t u r e and t h e i r role in ce l l metabolism, 
J. M. Ghuyscn, Bacter iol . Rev. 32, 425-464 (1968). 

An excel lent review of peptidoglycan structure, 
written by one of the major contributors to our 
knowledge of this subject. Highly recommended. 

PEPTIDOGLYCAN I 415 



3. The chemistry of S taphylococca l c e l l w a l l s , 
A. R. Archibold , in The Staphylococci (Ed. J. O. Cohen), 
W i l e y - I n t e r s c i e n c e , New York, 1972, pp. 75-109 . 

Although it focuses on a single organism, is very 
worth reading to anybody interested in cell w a l l s 
in general, t h e i r s t r u c t u r e (including teichoic acids), 
biosynthesis and mechanism of antibiotic action. 

4. Mechanism of lysozyme a c t i o n , 
D. M. Chipman and N. Sharon, Science 165, 454-465 ( 1 9 6 9 ) . 

5. Lysozyme, 
E. F. Osserman, R. E. Canf ie ld and S. Beychok, E d i t o r s , 
Academic P r e s s , 1974, 645 pp . 

Proceedings of a symposium commemorating the 50th 
anniversary of the discovery of lysozyme by Sir 
Alexander Fleming. Contains a wealth of information 
on the enzyme, it's mechanism of action, as well as 
on the s t r u c t u r e of bacterial cell wall peptidoglycan 
(see particularly articles on pp.9, 169, 285, 195 and 
222). There is also a bibliography of 2000 papers on 
lysezyme published in the period 1922—1972. 

6 . Pept idogiycan types o f b a c t e r i a l c e l l w a l l s and t h e i r 
taxonomic i m p l i c a t i o n s , 
K. H. S c h l e i f e r and O. Kandler, B a c t e r i o l . Revs. 36 , 
407-4 77 (1972) . 

Very comprehensive source of information. 
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(1957). 
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N. Sharon, T. Osawa, H. M. Flowers and R. W. J e a n l o z , 
J. B io l . Chem. 241 , 223-230 (1966) . 

A3. Synthesis of the r e p e a t i n g d i s a c c h a r i d c u n i t of the 
glycan moiety of the b a c t e r i a l c e l l wal l p e p t i d o g i y c a n , 
C. Merser and P. Sinay, Te t rahedron L e t t . 1 3 , 1029-1032 
(1973). 
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A4. Formation and c leavage of 1 2 g l y c o s i d i c bonds by 
h e n ' s egg-whi t e lysozymc, 
J . J . Pol lock and N. Sharon, Biochem. Biophys . Res. 
Commun. 34, 673-680 (1969) . 

A5. I s o l a t i o n and s tudy of t h e chemical s t r u c t u r e of low 
molecu la r weigh t g l y c o o c p t i d e s from M i c r o c o c c u s 
l y s o d e i k t i c u s c e l l wa l l s , 
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A6. Th ree -d imens iona l molecu la r models o f b a c t e r i a l c e l l 
w a l l m u c o p e p t i d e s ( p e p t i d o g l y c a n s ) , 
M. V. Keleman and H. J. Rogers , P r o c . N a t l . Acad. Sci. 
USA 68, 992-996 (1971) . 

A7. Two proposed g e n e r a l c o n f i g u r a t i o n s fo r b a c t e r i a l c e l l 
wall pep t idog lycans shown by space-fill ing m o l e c u l a r 
models , 
E. H. Oldmixon, S. G l a u s e r and M. L. H i g g i n s , B i o p o l y ¬ 
m e r s 1 3 , 2037-2060 (1974) . 
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PEPTIDOGLYCAN - II: BIOSYNTHESIS AND MODE OF 
PENICILLIN ACTION 

In t h e p r e v i o u s l e c t u r e we have seen t h a t p e p t i d o g l y c a n 

i s b a s i c a l l y a polymer of the r e p e a t i n g d isacchar ide- te t rapep¬ 

t i d e , N -acc ty lg lucosaminy l -N -ace ty lmuramy 1 -L,-Ala-D-isoGlu-

L-Lys(or DAP)-D-Ala. In the polymer, the GlcNAc-MurNAc 

d isacchar ide u n i t s a re j o i n e d g l y c o s i d i c a l l y to form l i n e a r 

g lycan c h a i n s and t h e p e p t i d e u n i t s arc a t l e a s t p a r t i a l l y 

c r o s s l i n k e d , e i t h e r d i r e c t l y o r through p e p t i d e b r i d g e s . 

S ince t h e shape of: t h e b a c t e r i a l c e l l i s m a i n t a i n e d 

l a r g e l y by p e p t i d o g l y c a n , d e t a i l e d unders tand ing o f t h e 

b i o s y n t h e s i s o f p e p t i d o g l y c a n r e q u i r e s knowledge, n o t o n l y 

of how t h e component amino suga r s and amino ac ids become 

j o i n e d t o g e t h e r , b u t a l s o of the process by which t h e p r o d u c t 

i s assembled in an o r d e r l y manner e x t e r n a l l y to the c y t o p l a s 

mic membrane, and then modif ied during growth and c e l l d i v i s ¬ 
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ion (1 ,2 ) . Although very l i t t l e is as yet known of the 

l a t t e r processes , many of the enzymic steps leading to the 

synthesis of the crossl inked peptidoglycan have now been 

establ ished (3,4) . 

Present knowledge of the biosynthesis of th i s highly 

complex and unusual macromolecule is based mainly on exten

sive inves t iga t ions ca r r i ed out with M. luteus, S. aureus 

and E. coli. These i n v e s t i g a t i o n s , begun over 25 years ago 

by J. T. Park, were continued by him, as well as by J. L. 

Strominger, F. C. Neuhaus in the U.S. , by H. J. Rogers and 

H. R. Perkins in England, and by many other workers. The 

findings obtained c l e a r l y ind ica te that a l l known peptido¬ 

glycans are synthesized by common mechanisms, and adequately 

account for t h e i r common, as well as t he i r d i f f e ren t , 

s t ruc tura l c h a r a c t e r i s t i c s . 

The process of peptidoglycan biosynthesis is usual ly 

divided in to three s t ages : 

[1] Synthesis of the two sugar nucleotides tha t serve as the 

low molecular weight precursors of peptidoglycan 

[2] Conversion of the water-soluble nucleotides into l i p i d ¬ 

soluble bactoprenyl (or glycosyl c a r r i e r l ip id) d e r i v a t i v e s , 

introduction of appropr ia te a l t e r a t i o n s in the pept ide u n i t s , 

and the subsequent polymerization of these ac t iva ted deriv¬ 
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a t i v e s v i a a t ransglycosyla t ion r e a c t i o n to form l i n e a r 

p e p t i d o g l y c a r strands . 

[3] Transfer of t h e p o l y m e r i z e d s u b u n i t to a c c e p t o r s i t e s on 

the c e l l w a l l and c r o s s l i n k i n g o f t h e l i n e a r pcp t idog lycan 

s t r a n d s by a t r a n s p e p t i d a t i o n r e a c t i o n to fo rm a th ree-d imen¬ 

s i o n a l p o l y s a c c h a r i d e - p e p t i d e ne twork . 

Ample ev idence on t h e r e a c t i o n s involved in the f i r s t 

s t a g e i s a v a i l a b l e , bu t l i t t l e i s known about t h e second a n d 

t h i r d s t e p s . 

SYNTHESIS OF PRECURSORS 

The f i r s t s t a g e c o n s i s t s o f the s y n t h e s i s o f UDP-GlcNAc 

and of UDP-MurNAc-L-Ala-D-isoGlu-L-Lys-D-Ala-D-Ala (UDP-MurNAc-

p e n t a p e p t i d e , F i g . 8 1 ) , t h e s u g a r n u c l e o t i d e p r e c u r s o r s o f 

p e p t i d o g l y c a n . In o rgan isms t h a t c o n t a i n d iaminopimel ie ac id 

(DAP) i n s t e a d o f L - l y s i n e , t h e p e n t a p e p t i d e moiety i s L-Ala-

D-isoGlu-DAP-D-Ala-D-Ala. UDP-MurNAc-pentapeptide, o r i g i n a l l y 

i s o l a t e d by Park some 25 y e a r s ago , i s t h e major s u g a r n u c l e o 

t i d e t h a t accumula tes i n l a r g e amounts i n p e n i c i l l i n i n h i b i t e d 

S. aureus c e l l s . This i s , however , an unusual c a s e , s i n c e in 

m o s t o t h e r organisms no such a c c u m u l a t i o n could be induced . 

The two o t h e r n u c l e o t i d e s , a l s o f i r s t i s o l a t e d in 1952 by Park 

from t h e same c e l l s , were s u b s e q u e n t l y i d e n t i f i e d as UDP-N-
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Figure 81 Structure of UDP-MurNAc-pentapeptide, a key 
intermediate in the synthesis of peptidoglycan 
in S. aureus and M. luteus ( I ) . For comparison, 
the s t r u c t u r e of the disaccharide-pontapeptide 
i so la t ed from M. luyeus cel l wall is given ( I I ) . 
Note in p a r t i c u l a r that the peptide side chain 
in the completed peptidoglycar. ( I I ) ends in a 
single D-alanine residue, whereas the precursor 
contains the D-Ala-D-Ala sequence ins tead . 

acetylmuramie acid and UDP-N-acetylmuramyl-L-alanine. It 

was subsequently found tha t the different ur idine nucleo

t ides also accumulate in ce l l s of S. aureus under conditions 

of nutritional deficiency or on treatment with an t ib io t i c s 

other than p e n i c i l l i n (e .g . vancomycin or bac i t r ac in ) . Thus, 

lysine deprivation leads to the accumulation of UDP-N-acetyl-

muramyl -L-alanine-D-glutamic acid, whereas treatment of the 

ce l ls with the a n t i b i o t i c D-cycloserine (a s t r u c t u r a l analog 
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of D-altanine, Fig.82), induces the accumulation of UDP-MurNAc-

L-AIa-D-isoGlu-L-Lys. Gentian v i o l e t induced the accumulation 

of UDP-MurNAc, and phosphonomycin (a competitive i n h i b i t o r of 

phosphoenolpyruvate, Fig.82) the accumulation of UDP-GlcNAc. 

Numerous b a c t e r i a l mutants d e f i c i e n t in enzymes involved in 

peptidoglycan synthes i s have a l so been found to accumulate 

some of the above nuc l eo t i de s . These compounds c l ea r ly repre

sen t a l i ke ly b i o s y n t h e t i c sequence leading from UDP-GlcNAc 

to the complex sugar nuc leo t ide pentapept ide (Fig. 85). 

Using the various sugar nuc leo t ides i so la ted from 

i n h i b i t e d c e l l s , Strominger and h is coworkers es tab l i shed 

the reac t ion sequence leading to the formation of UDP-MurNAc-

COMPLEX CARBOHYDRATES 

Figure 82 S t ruc tu re of D-cycloserine and phosphonomycin, 
competitve i n h i b i t o r s of D-alanine and phospho-
enolpyruvate , r e spec t ive ly . D-Cycloserine and 
D-a lan ine a re represented in t he i r zwit ter ion 
forms. 



pentapeptide in S. a u r e u s . In b r ie f , it is as follows: 

f i r s t , the condensation of N-acetylglucosamine 1 -phosphate 

with UTP, catalyzed by a ur idyl t ransferase (or pyrophosphor-

ylase) leads to the formation of UDP-N-acetylglucosamine. 

A spec i f ic t ransfe rase then catalyzes a react ion of phospho-

enolpyruvate (PHP) with UDP-GlcNAc, to give the 3-pyruvate 

enol ether of the l a t t e r ( react ion 1, F ig . 83; Fig. 84) . This 

t ransferase is i r r e v e r s i b l y inh ib i t ed by phosphonomycin. 

Reduction of the pyruvyl group by an NADPH-linked reductase 

PEPTIDOGLYCAN II 42 3 



leads to the formation of the 3-O-D-lactyl e ther of N-acetyl -

glucosamine (reaction 2) ; in th i s way UDP-N.-acetylmurainic 

acid is obtained from UPD-GlcNAc. Conversion of UDP'-MurNAc 

to i t s pentapeptide form occurs by the sequential addit ion 

of the requ i s i t e amino acids. Each step requires ATP, a 

divalent cation and a specif ic enzyme which 

catalyzes the addition of the amino acids; the ATP is cleaved 

in to ADP. The addition of L-alaninc occurs f i r s t ( react ion 

3), followed by D-glutamic acid (reaction 4), later amidated 

in S. aureus to D isoglutamine; L-lysine is then at tached by 

i t s u-amino group to the y-carboxyl group of the glutamic 

acid (react ion 5) and f ina l ly the dipeptide D-Ala-D-Ala is 

added as a preformed un i t ; the l a t t e r reaction is also coupled 

with the hydrolysis of ATP to ADP (reaction 6) . This dipep

tide is formed from L-alanine by two enzymic reactions: 
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conversion of L-alanine to D-alunine by a racemase (react ion 

7) , followed by the linking of the two alanine residues in 

an ATP'-requiring reaction to form D-Ala-D-Ala (reaction 8) . 

Both the alanine racemase and the D-a i any l -D-a l a ine synthe-

tase are strongly and competitively inhibited by D-cycloser-

ine, which explains why th i s a n t i b i o t i c induces accumulation 

of UDP-MurNAc-L-Ala-D-isoGlu-L-Lys in S. aureus c e l l s . 

Reactions 1-8, a l l of which occur in the soluble, cytoplasmic 

compartment, of the bac te r i a l c e l l s , have been fair ly well 

character ized. Whenever t e s t ed in other organisms, the 

sequence of reactions has been found to be essen t ia l ly the 

same as in S. aureus. 

Aminoacyl adenylates, which serve as intermediates in 

the biosynthesis of p ro te ins , are apparently not involved in 

the formation of the peptide sequence of UDP-MurNAc-pcnta-

pept ide. As mentioned above, the addition of amino acids 

to form th i s sugar nucleot ide-pept ide is coupled with the 

cleavage of ATP into ADP and inorganic phosphate. Synthesis 

of the pentapentide is thus qui te d i s t i n c t from protein 

synthes is , and the sequence of amino acids in the peptide 

is determined sole ly by the s p e c i f i c i t i e s of the synthet ic 

enzyme. The separate enzynes involved in the addition of 

each amino acid (and of the dipeptidc D-Ala-D-Ala) are highly 
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s p e c i f i c for bo th the amino a c i d and the n u c l e o t i d e s u b s t r a t e . 

For example , t h e p u r i f i e d D - g l u t a m i c ac id - add ing enzyme did not 

add g l u t a m i c a c i d to any n u c l e o t i d e d e r i v a t i v e o t h e r than 

UDP-MurMAc-L-AI.a, n o r d i d i t add any o the r amino a c i d to the 

n u c l e o t i d e . 

ASSEMBLY OF THE D1SACHARIDE-PEPTIDE: REPEATING UNIT 

The second s t a g e in. t h e b i o s y n t h e s i s of p e p t i d o g l y c a n , 

f i r s t d e m o n s t r a t e d in 1964, i s c a t a l y z e d by membrane-bound 

cnzymes. I t i s t h e p o l y m e r i z a t i o n of N-acc ty lg lucosa in ine 

t o g e t h e r wi th N - a c e t y l m u r a m y l - p c n t a p c p t i d e to form t h e l i n e a r 

p c p t i d o g l y c a n s t r a n d s . Th i s r e a c t i o n tu rned out t o be f a r 

more c o m p l i c a t e d than was a t f i r s t appa ren t , i n i t i a l l y i t 

was b e l i e v e d t h a t t h e g lycan cha in was formed by s imple and 

d i r e c t t r a n s g l y c o s y l a t i o n i n v o l v i n g t h e two p r e c u r s o r s , 

UDP-GlcNAc and UDP-MurNAc-pentapeptide. However, when 

t h e r e a c t i o n was examined in d e t a i l us ing a v a r i e t y 

o f r a d i o a c t i v e p r e c u r s o r s , t h e p r o d u c t s turned out t o 

be somewhat unexpec t ed . Both UDP and UMP were formed in 

t h e p o l y m e r i z a t i o n r e a c t i o n , t h e former compound was shown 

to be d e r i v e d from UDP-GlcNAc, whereas t h e l a t t e r (UMP) was 

from UDP-MurNAc-pentapcptidc. Formation of UMP was a l s o 

accompanied by the r e l e a s e o f i n o r g a n i c phospha te . These 

http://arisi.no


PEPTIDOGLYCAN II 427 

findings were incons i s t en t with a d i rec t t ransglycosylnt ion 

react ion of the type involved, for example, in the biosyn

thesis of glycogen. The clue to th i s anomaly came from 

careful examination of the products found on paper chromato

graphy of incubation mixtures containing the two subs t ra tes 

and the p a r t i c u l a t e enzyme. The polysaccharide formed does 

not idgra te on paper and remains at the o r ig in ; there was, 

however, always a t r a c e of r ad ioac t iv i ty present at the 

solvent front. For some time th i s radioact ive "contaminant" 

was ignored, but it eventua l ly proved to be the key to the 

mechanism of the r eac t ion . This contaminant was shown to 

be a l ip id intermediate in the react ion sequence, eventually 

iden t i f i ed as a condensation product of. N-acetylnuramy1-

pentapeptide 1-phosphate and bactopreny1 phosphate (GCL-phos-

pha te ) . This i s , in f a c t , how bactoprenyl phosphate, now 

known to serve as an in te rmedia te in the synthesis of other 

complex b a c t e r i a l polysaccharides (e .g . the O-side chains of 

LPS; see l ec tu re 19) was f i r s t encountered. Iden t i f i ca t ion 

of bactoprenyl. phosphate took several years , mainly because 

it represented only about 0.1% of the t o t a l phospholipid of 

the membrane. 

In p a r a l l e l with the s tudies that led to the ident i f 

icat ion of the l i p id i n t e rmed ia t e , the sequence of react ions 
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Figure 85 Pathway of b iosyn thes i s of the peptidogjycan of 
S. aureus. In E.Coli with the same react ion cycle 
occurs j with the following exceptions: L-lysine 
is replaced by meso-DAP; D-glutamic is not ami-
dated, and no addi t iona l amino acid is incorpor
ated .Into the pentapept ide side chain. Note-
that at the end of the cycle the disaccharide-
pcptide un i t s are uncross l inked. 

leading to the formation of the disaccharide-pentapept idc 

repeating unit was worked out (Fig . 85) . The i n i t i a l s t ep , 

formation of the monosacchar ide-pentapopt ide- l ip id intermed

ia te mentioned e a r l i e r , occurs by r eve r s ib le t ransfer of 

MurNAc-(pentapeptide) 1 -phosphate from UDP-MurNAc-pentapep-

t ide to bactoprenyl phosphate (P-GCL), with re lease of UMP 

http://disacchari.de-
http://pcpti.de
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(reaction 1, Fig.85) . 

Transfer of the e n t i r e MurNAc-phosphate por t ion of 

the sugar nucleot ide to the acceptor l i p id was demonstrated 

by use of 3 2 P- labe l led UDP-MurNAc and the presence of a. 

pyrophosphate linkage in the product was ul t imately e s t ab 

l ished by chemical degradation of the pur i f ied l ipid-l inked 

intermediate. Formation of MurNAc-(pcntapeptide)-PP-GCL 

i s , as mentioned, a readi ly revers ib le react ion. the high-

energy character of the glycosyl-pyrophosphate bond of the 

sugar nucleot ide is therefore ful ly conserved in the l i p i d -

linked intermediate which ac ts as a glycosyl donor in the 

subsequent polymerization of the polysaccharide chain. 

In the second s tep in the assembly of the peptidoglycar. 

repeating un i t , MurNAc-(pentapeptide)-PP-GCL acts as acceptor 

of N-acetylglucosamine from UDP-GlcNAc to form the disaccha-

r ide-pentapept ide intermediate (reaction 2, Fig.85) . Add

i t ion of N-acetylglucosamine appears to occur by a conven

t ional glycosyl t r ans fe r r eac t ion , the nucleotide product 

of the react ion being UDP. This react ion is not readi ly 

revers ib le and the ava i lab le evidence is consis tent with the 

d i rec t t r ans fe r of N :-acetylglucosamine from the sugar nucleo

t ide donor to the monosaccharide-lipid acceptor, without 

intervent ion of intermediates tha t can bo i so la t ed . 

http://-(pentapepfj.de
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I t has been proposed t h a t l i p i d i n t e r m e d i a t e s o f 

pept idoglycan s y n t h e s i s a r e formed in o r d e r t h a t t h e hydro -

p h i l i c . p r e c u r s o r s o f p c p t i d o g l y c a n can b e t r a n s p o r t e d a c r o s s 

t h e hydrophobic i n t e r i o r o f t h e c e l l membrane. Such t r a n s -

p o r t i s n e c e s s a r y because p e p t i d o g l y c a n i s l o c a t e d on t h e 

o u t e r s i d e o f t h e c e l l membrane, whereas i t s UDP-linked 

p r e c u r s o r s a r e f o r m e d i n the cytoplasm. F u r t h e r m o r e , i t 

seems l i k e l y t h a t t h e s e i n t e r m e d i a t e s can f u n c t i o n as donors 

of g l y c o s y l groups in a hydrophobic cnvironment, e i t h e r 

w i t h i n or around t h e membrane, an area i n t o which s u g a r 

n u c l e o t i d e s would be unable to p e n e t r a t e . 

MODIFICATION OF THE PEPTIDE SIDE CHAIN; ROLE OF tRNA 

Membrane f r a c t i o n s of s. aureus and .M. luteus 

a r e a b l e t o u t i l i z e t h e d i s a c c h a r i d e - p c n t a p e p t i d c i n t e r m e d -

i a t e d i r e c t l y for s y n t h e s i s o f p o l y m e r i c p c p t i d o g l y c a n . 

However, in t h e s e and o t h e r organisms in which t h e p e p t i d e 

s u b u n i t s c o n t a i n a d d i t i o n a l b r i d g e amino a c i d s and/or 

s u b s t i t u t e d D-glutamyl r e s i d u e s , t h e m o d i f i c a t i o n s 

a r e i n t r o d u c e d p r i o r t o p o l y m e r i z a t i o n a t t h e leve l o f 

d i s a c c h a r i d c — ( p e n t a p e p t i d e ) - P P - G C L . The α-carboxyl group 

of t h e D-glutamate r e s i d u e is s u b s t i t u t e d in S. aureus by an 

amide group and in M. luteus by a s i n g l e g l y c i n e r e s i d u e . 

http://cnvi.ron.mont
http://disacchari.de-pcntapept.idc
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The r o l e of t r a n s f e r RNA ( tRNA) in t h e synthesis of the 

i n t e r p e p t i d e b r i d g e units of p e p t i d o g l y c a n was s u g g e s t e d by 

the initial o b s e r v a t i o n of A.N. c h a t t c r j e e and J. T. Park made 

in 1964, t h a t i n c o r p o r a t i o n of g l y c i n e (but not of MurNAc-

p e n t a p o p t i d e ) i n t o p e p t i d o g l y c a n in ce l l free p r e p a r a t i o n s 

from s. aureus was a b o l i s h e d by ri bonuclease. Subsequent 

s t u d i e s by Strominger and his coworkers e s t a b l i s h e d t h e genera l 

mechanism whereby aminoacyl-tRNA' s act as o b l i g a t o r y donors 

of amino a c i d r e s i d u e s in the assembly of br idge p e p t i d e units. 

It was shown u n e q u i v o c a l l y t h a t glycyl-tRNA was t h e immed-

i a t e p r e c u r s o r o f t h e p e n t a g l y c i n e br idge uni t in S . aureus 

and t h a t t h e a d d i t i o n o f g l y c i n e o c c u r r e d e x c l u s i v e l y a t the 

l e v e l o f t h e l i p i d - L i n k e d i n t e r m e d i a t e s ( r e a c t i o n 4 , F i g . 8 5 ) . 

D i s a c c h a r i d c - ( p c n t a p e p t i d e ) -PP-GCL. and, to a l e s s e r e x t e n t , 

t h e m o n o s a c c h a r i d e i n t e r m e d i a t e , were e f f e c t i v e a s a c c e p t o r s 

o f g l y c i n e , w h i l e preformed g l y c i n e - d e f i c i e n t polymer ic 

p e p t i d o g l y c a n or UDP-MurNAc-pentapeptide was t o t a l l y i n a c t i v e . 

Attachment of t h e o l i g o g l y c i n e chains to t h e є-amino 

group o f t h e l y s i n e r e s i d u e was e s t a b l i s h e d by d i n i t r o p h e n y l -

a t i o n and Edman d e g r a d a t i o n of t h e enzymic p r o d u c t s , Elong-

a t i o n of t h e o l i g o g l y c i n e chain appears to occur by s u c c e s -

s i v e s t e p w i s e t r a n s f e r o f s i n g l e g l y c i n e r e s i d u e s from 

glycyl-tRNA to t h e f r e e amino t e r m i n u s of t h e p e p t i d e . No 

http://-Cpcntapopti.de
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evidence for intermediate formation of peptidyl-tRNA could 

be obtained. 

Invest igat ions in several other organisms having 

di f ferent bridge s t ructures have confirmed the e s s e n t i a l 

ro le of tRNA. Thus, the appropriate aminoacyl-tRNA's were 

found to serve as donors of L-serine and glycine in the 

synthesis of the mixed glycyl-seryl pentapeptidc bridge in 

Staphylococcus epidermidis, and of L-threonine and L-alanine 

in the formation of the t e t r a p e p t i d e bridge of Micrococcus 

roseus. In each case, addit ion of bridge u n i t s to the є-NH 2 

group of lysine occurred p r i o r to polymerization, at the 

l e v e l of mono- and disaccharide-(pentapeptide)-PP-GCL i n t e r -

mediates. 

Evidence that s p e c i f i c i t y in peptide bridge formation 

is at leas t p a r t i a l l y determined by the tRNA molecule i t s e l f 

has been obtained by Strominger and his coworkers in s tud ies 

of the role of L-alanyl-tRNA in the synthes is of the bridge 

in Arthrobacter crystal lopoiet is . L-Alanine l inked to 

cys te ine-speci f ic tRNA (tRNACYS) was prepared by reduction 

of L-cysteinyl-tRNA with Raney n i c k e l . The a c t i v i t y of the 

product, L-alanyl-tRNACYS, in peptide bridge synthes i s was 

, , ,. . The results showed compared with that of L-alanyl-tRNAAla 

t h a t the L-alanyl-tRNACYS was completely i n a c t i v e as donor 
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of alanyl res idues in peptidoglycan syn thes i s . The pept ido-

glycan synthesiz ing system thus appears to recognize some 

spec i f i c fea ture of the tRNA m o l e c u l e . Whether t h i s involves 

the amino recogni t ion s i t e or some o ther s t r u c t u r a l element 

of the tRNA is not ye t known. 

The important quest ion of whether the tRNA species 

which p a r t i c i p a t e in peptidoglycan synthesis are d i f fe ren t 

from those involved in p ro t e in syn thes i s has been c l a r i f i e d 

in p a r t by p u r i f i c a t i o n of the re levan t tRNA's. Three 

glycyl-tRNA f rac t ions from S. aureus were separated, a l l of 

which were approxmate ly equal ly ac t ive in the peptidoglycan-

synthesiz ing system. Two of the t h r e e were also ac t ive in 

polypeptide synthes is and were i d e n t i f i e d by t r i p l e t binding 

as corresponding to known glycine codons. The t h i r d f ract ion 

however f a i l ed to support polypept ide synthesis with na tu ra l 

or syn the t i c messengers and could not be iden t i f i ed with any 

of the known glycine anticodons by t r i p l e t binding. 

Similar r e s u l t s were obtained on pur i f i ca t ion of the 4 

L-seryl-tRNA's of S. epidermidis. Only three of the four 

were e f fec t ive as donors of L-ser ine in synthesis of the 

bridge pept ide of pept idoglycan. In con t ras t , pu r i f i ca t ion 

of the L-threonyl-tRNA's of M. roseus yielded no evidence 

of a pep t idog lycan-spec i f i c f r a c t i o n . The occurrence in 
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Staphylococci of tRN'A species apparently unique to neptido-

glycan synthesis is of considerable i n t e r e s t , but the general 

occurrence of these and the s p e c i f i c i t y re la t ionships in vivo 

remain to be es tabl ished. It has been found tha t the degree 

of spec i f i c i ty of the br idge-synthesiz ing enzymes towards 

t h e i r aminoacyl-LRNA subs t ra tes may vary widely. 

POLYMERIZATION 0F DISACCHARIDE- UNITS 

Polymerization of the completed disaccharidc-peptide 

repeating unit is believed to occur by successive t ransfer 

of disaccharide-peptide uni ts from GCL to a su i table acceptor 

or primer ( react ion 5, F i g . 8 5 . It should be emphasized tha t 

only the glycosyl moiety of the intermediate is t ransferred 

and tha t GCL is released in the form of a pyrophosphate de r iv 

a t ive in which the terminal phosphate is derived from UDP-

MurNAc-pentapeptide. 

The final s tep which completes the reaction cycle 

depicted in Fig. 85 is dephosphorylation of the GCL-pyrophos

phate by a spec i f i c bactoprenyl pyrophosphatase, to regenerate 

the GCL-phosphate. This react ion is spec i f i ca l ly inhibi ted 

by low concentrations of bac i t r ac in , a mixture of an t ib io t i c 

pept ides obtained from Bacillus licheniformis. Indeed, 

PP-GCL accumulates both in c e l l - f r e e incubation mixtures 

http://disacdiari.de-pcpti.de
http://tapepti.de
http://dephosphoryl.at.ion
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and in i n t a c t c e l l s , in the presence of t h i s a n t i b i o t i c . 

I n t e r e s t i n g l y , s tud ies of the mode of act ion of bac i t r ac in 

revoriied tha t i t ac ts not on the bactoprenyl pyrophosphatase, 

but by completing with the s u b s t r a t e , GCL-pyrophosphate. 

The nature of t he acceptor or primer has not yet been 

inves t iga ted in d e t a i l , but i t i s poss ib le tha t they arc 

non-reducing termini of p r e e x i s t i ng peptidoglycan chains. 

Thus, membrane f r a c t i o n s , obtained by d isso lu t ion of c e l l 

walls with N -acetylmuramidases or N -acetylhexosamindases 

which degrade the endogenous glycan, lose the a b i l i t y to 

incorporate l i p i d - l i n k e d in termedia tes in to the polymer. In 

add i t ion , incorpora t ion in to the polymer is inh ib i ted by the 

a n t i b i o t i c s , vancomycin and r i s t o c e t i n , which have been shown 

to bind t i g h t l y and s p e c i f i c a l l y to the terminal end of 

peptide s ide chains . Stepwise addi t ion of disaccharide-

pept ide un i t s to end groups of glycan chains would f i t well 

with cur ren t hypotheses of tiie mechanism of growth of ce l l 

wa l l , according to which con t ro l l ed au to lys i s introduces 

nicks i n t o peptidoglycan s t rands at defined growing points 

and provides new s i t e s for chain e longat ion . 

CROSSLINKING OF PEPTIDE UNITS 

The l a s t reac t ion in peptidoglycan synthesis is the 

http://anti.l3i.otic
http://-rcduci.il
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formation of c r o s s l i n k s between p e p t i d e m o i e t i e s . S tud ies of 

t h i s r e a c t i o n c o n t r i b u t e d g r e a t l y t o the unders t and ing o f the 

mechanism o f p e n i c i l l i n a c t i o n . 

I t has been r e c o g n i s e d f o r many years t h a t t h e sugar 

n u c l e o t i d e p r e c u r s o r of p e p t i d o g l y c a n , UDP-MurNAc-pentapeptide, 

con ta ins two D - a l a n i n e r e s i d u e s a t t he carboxyl terminus of 

the p e p t i d e whi le the s u b u n i t o f pep t idoglycan u s u a l l y c o n t a i n s 

only a s i n g l e D-aLanine r e s i d u e ( F i g . 81) . I t was o r i g i n a l L y 

p o s t u l a t e d by H. H. Martin in 1964 t h a t the c ross l i n k i n g 

r e a c t i o n might invo lve t r a n s p e p t i d i a n on between the D-aLanyl-

D-aLanine te rminus of one p e p t i d e u n i t and the f ree amino group 

of the b a s i c amino ac id or b r i d g e u n i t of a second p e p t i d e , 

with r e l e a s e of f r ee D - a l a n i n e ( F i g . 8 6 ) . This hypo thes i s was 

p a r t i c u l a r l y a t t r a c t i v e in t h a t i t provided a mechanism for 

i s o e n e r g e t i c formation of t h e c r o s s l i n k i n g pep t ide bond in 

the wai l i t s e l f , external , to t h e cy toplasmic membrane and 

independent o ( : energy donors such as ATP. In vivo s t u d i e s 

of E.M. Wise and J.T. Park (1965) and of D . J . Tipper and J.L. 

Strominger (1965,1968) in S.aurues provided suppor t not only 

for t h e e x i s t e n c e of such a t r a n s p e p t i d a t i o n r e a c t i o n , but also 

for i d e n t i f i c a t i o n of t h i s r e a c t i o n as the p o n i c : L l i n - s e n s i t i v e 

s top in c e i l wal l s y n t h e s i s . D i r e c t demonstra t ion o f t r a n s p e p t i 

da t ion in vitro was achieved o r i g i n a l l y in c e l l envelope 

http://aiiii.no
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Figure 86 The bridge closure reaction in E. coli (I) or 
S . aureus ( I I ) . The reaction resu l t s in the l i b 
eration of one molecule of D-alanine ( s ta r red) and 
and the formation of the cross bridge between the 
resul t ing terminal D-alanine of one t e t r a p e p t i d e 
side chain, and a free amino group in the o ther . 
In both I and I I , the donor peptide is on the l e f t 
l e f t , the acceptor peptide on the r i g h t . 

fractions from E. c o l i . Recently, D. Mire1man in our labor 

atory has demonstrated this reaction with crude ce l l wall 

preparations of S. aureus, and M. luteus (A1,A2). 

The evidence avai lable clearly shows that c ross l ink ing 

occurs according to the reaction described in Fig. 86. 



PEPTIDOGLYCAN II 439 

In a l l cases inves t iga ted , incorporation of MurNAc-pcntapep-

tide into peptidoglycan was accompanied by l i b e r a t i o n of free 

D-alanine. The r a t i o of D-alanine to D-glutamate in the 

polymeric product approached unity and the expected crosslinked 

disaccharide-peptide dimer could be isola ted following d iges

tion of the enzymic product with lysozyme. The t ranspept ida-

tion reac t ion , as measured by the release of D-a limine or the 

formation of c ross l inks , was spec i f i ca l ly and i r r eve r s ib ly 

inhibited by p e n i c i l l i n . This inh ib i t ion was pa ra l l e l ed by 

the appearance of an uncross linked product which re ta ined 

the terminal D-alanyl -D-alanine s t ruc ture of the precursor . 

ROLE 0F THE TRANSPEPTIDASE IN PEPTIDOGLYCAN 
BIOSYNTHESIS 

The use of crude c e l l wall as enzyme source for p c p t i 

doglycan biosynthes is , introduced by Mirelman in 1972 (AI,A2), 

offered d i s t i n c t advantages over the membrane preparations 

which served e a r l i e r for t h i s purpose. The crude ce l l wal ls , 

which contain membrane fragments, were found not only to 

catalyze polymerization of the sugar nucleotide precursors 

UDP-GlcNAc and UDP-MurNAc-pentapeptide, but also to attach 

the newly synthesized peptidoglycan to the preex is t ing one 

in the ce l l wal l . Apparently, such attachment does occur, 

because the enzymes involved, which arc membrane bound, are 

http://disacchari.de
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in t imate ly associa ted with the growing region of the pre-

ex i s t i ng peptidoglycan. 

The de ta i l ed s t u d i e s of Mire1man on M. luteus have 

shown that with crude c e l l wall preparat ions from th i s organ

ism, incorporat ion of the nucleot ide procursors into preformed 

peptidoglycan was accompanied by the release of C-terminal 

D-alanine from the MurNAc-pentapeptide. As expected, th i s 

r e l ease was completely . inhibited by very low concentrations 

( l e s s than 1 µg/ml) of p e n i c i l l i n . Very surpr i s ingly , how

ever , p e n i c i l l i n a l so i n h i b i t e d markedly (up to 75-80%) the 

incorporat ion of N-acetylglucosamine and of MurNAc-pentapep-

t i d e in to the p reex i s t ing peptidoglycan. On the basis of 

those f ind ings , a new ro le was suggested by us (Al,A2) for 

the p e n i c i l l i n - s e n s i t i v e t ranspept ida t ion react ion. We 

pos tu la t ed that t r anspep t ida t ion effects not only the form

a t ion of i n t e r p e p t i d e c r o s s l i n k s , subsequent to the t ransfer 

by t ransg lycosy la t ion of disacchar ide units or l i n e a r pep t i 

doglycan s t rands to the p r eex i s t i ng wall , but a l so , and more 

impor tant ly , leads to covalent attachment of new strands to 

o lder ones (Fig. 87). it thus appears that elongation and 

growth of the p reex i s t ing peptidoglycan is the r e s u l t of two 

enzyme-catalyzed r e a c t i o n s : the p e n i c i l l i n - i n s e n s i t i v e t r ans -

g lycosyla t ion and the p e n i c i l l i n - s e n s i t i v e t ranspept idat ion. 

http://ti.de
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CYTOPLASMIC 
MEMBRANE CELL WALL PEPTIDOGLYCAN 

Figure 87 Model of growth of M. luteus cell wall peptido
glycan (A2). Newiy synthes ized s t rands are at tached 
to p reex i s t ing cel l wall peptidoglycan by two 
mechanisms. The main one is t ranspept idat ion to 
an amino group on a p reex i s t i ng pept ide side chair, 
with concomitant r e l ease of terminal D-alanine 
from the newly synthesized peptidoglycan chain 
[see B on figure) . The second raechartism is the 
attachment by t ransg lycosy la t ion of an oligosac
charide-pept ide in termedia te to a non-reducing 
end of a p reex i s t i ng glycan chain (see A) . Pre
exis t ing peptidoglycan is shown in white and 
newly synthesized s t r ands in black. The strands 
incorporated e i t h e r s ing ly or in polymerised form 
arc depicted as l ipid-bound although i t is possible 
that the l i p i d moiety is removed before incor
porat ion. = glycosyl ca r r i e r l i p i d pyrophos
phate) . 
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The suggestion tha t the main role of the transpeptidase 

is to at tach growing peptidoglycan strands to preexis t ing ones, 

explains a number of puzzl ing observations reported in the 

l i t e r a t u r e . It c l a r i f i e s , for example, why low concentrations 

of p e n i c i l l i n i n h i b i t the incorporation in vivo of ce l l wall 

amino acids such as L—lysine or glycine in to the peptidoglycan 

of S. aureus. Furthermore, the dramatic k i l l i n g effect of 

p e n i c i l l i n at very low concentrations may be more c lear ly 

understood if i t a f fec t s attachment of newly synthesized 

peptidoglycan s t rands to exis t ing ones, and not only formation 

of in t c rpep t ide b r idges . A new role may also be envisaged 

for the ce l l wall endopeptidases that act , in many b a c t e r i a , 

on the peptide moiety of the ce l l wall peptidoglycan (see 

lec ture 20, r e f . 2 ) . One of the functions of these enzymes 

may be to prepare space for enlargement of the ce l l wal l . 

For example, the l i b e r a t i o n of the amino group of L-alanine 

(bound to t he carboxyl of N-acetylmuranic acid) by an amidase 

in M. LUTES may provide an acceptor moiety for the a t t a c h 

ment of newly synthesized strands by t ranspept idat ion r e s u l t 

ing in the formation of D-alanyl-L-alanyl l inkages. Such 

peptide cross l inks have indeed been found in M. luteus c e l l 

walls (F ig .77) . 

Further support for the role of the t ranspeptidase as 

http://ami.no
http://intcrpepti.de
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described above, has been recen t ly obtained in a nunber of 

laborator ies (sec for example ref . A3), including ours (A4) . 

Of special iimportance is the i so l a t i on by Mirelman of a 

l inear peptidoglycan from the cu l tu re medium of M. luteus 

inhibited by penicillin. This uncross linked pept idoglycan, 

the peptide uni t s of which contain the D-Ala-D-Ala C-terminal 

sequence, is most likely a macromolecular precursor in c e l l 

wall b iosynthes i s , the attachment of which to p reex i s t ing 

peptidoglycan has been blocked by penicillin. 

TRANSPEPTIDASE AND DD-CARBOXPEPTIDASE 

Up to t h i s point in our discussion we have encountered 

only one p e n i c i l l i n - s e n s i t i v e enzyme, the t r anspep t idase . 

There is l i t t l e doubt that among the numerous enzymes involved 

in peptidoglycan syn thes i s , t h i s i s the major t a r g e t of action 

of p e n i c i l l i n and of r e l a t ed a n t i b i o t i c s , such as the cephalo

sporins . 

In most bac t e r i a , mainly in rod- l ike organisms, o the r 

p e n i c i l l i n - s e n s i t i v e enzymes have, however, been i d e n t i f i e d . 

One of these is a D-alanine carboxypeptidasc (DD-carboxy-

peptidase) t h a t removes the C-terminal D-alanine from: the 

D-Ala-D-Ala sequence. The p r e c i s e function of t h i s enzyme 

is unknown. It may catalyze removal of D-alanine 
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r e s i d u e s from p e n t i d o g l y c a n s t r a n d s , thus l i m i t i n g the e x t e n t 

o f c ross l ink ing and o f pep t idog lycan s y n t h e s i s . 

In E. coli and Bacillus subtilis, the D D - c a r b o x y p e p t i 

dases a re mostly membrane bound, whereas in Streptomyces they 

a r e found in the c u l t u r e medium, and as a r e s u l t can be p u r i 

f ied and fully c h a r a c t e r i z e d . Extens ive s t u d i e s on the Streptomyces 

DD-carboxypept idases have been c a r r i e d ou t by J. M. 

Ghuysen and h i s coworkers a t the U n i v e r s i t y of L i ege , in c o l 

l a b o r a t i o n with H. R. P e r k i n s in London. Based on t h e s tudy 

of the mode of a c t i o n of the enzyme on model p e p t i d e sub

s t r a t e s , they concluded t h a t t h e DD-carhoxypeptidases a re 

indeed t r a n s p e p t i d a s e s t h a t have undergone s o l u b i l i z a t i o n 

and have become uncoupled. The d i f f e r e n c e in the e f f e c t i v e 

funct ion of the enzyme could , a t l e a s t p a r t i a l l y , be a 

q u e s t i o n of the a v a i l a b i l i t y of w a t e r . In an aqueous e n v i r 

onment, n u c l e o p h i l i c a t t a c k by hydroxyl ions on the enzyme-

p e p t i d e complex, a f t e r e l i m i n a t i o n o f the t e r m i n a l D - a l a n i n o , 

would lead to h y d r o l y s i s . In t h e hydrophobic environment: of 

t h e membrane, at tack, by a s u i t a b l e amine would l ead to t r a n s -

p e p t i d a t i o n (R denotes p e p t i d e s u b s t i t u e n t on D-Ala-D-Ala, 

E deno te s enzyme): 

R-D-Ala-D-Ala + E R-D-Ala-E + D-Ala 

Carboxypep t idase a c t i v i t y 

K-D-Ala-E + OH- R-D-Ala-COOH + E 

http://carboxypeptida.se


Serious doubt on the postulated ident i ty of the 

DD-carboxypeptidase and transpeptidase stems from s tudies 

of these two a c t i v i t i e s in E. coli Bac i l l u s s u b t i l i s and 

related organisms, carr ied out mainly by Strominger and his 

coworkers. It was found, for example, that the DD- carbooxy-

peptidase of E co l i is over 100 times more s e n s i t i v e to 

inhibi t ion by penicillin than the t ranspept idase . The con

centrations of pen i c i l l i n required to inh ib i t the t ranspep

tidase were very close to the concentrations required to 

inhibit growth of the organism, in accord with the assumption 

that the t ranspept idase is the primary s i t e of the l e tha l 

action of p e n i c i l l i n . Another important difference between 

the two a c t i v i t i e s in E coli is that whereas i nh ib i t i on by 

pen ic i l l in of the t ranspept idase is i r r e v e r s i b l e , tha t of 

the carboxypeptidase i s , in most cases , r eve r s ib le and 

competitive. The s i tua t ion is fur ther complicated by the 

finding that E. coli contains several carboxypeptidases, 

and probably also more than one t ranspept idase . 

None of the b a c t e r i a l membrane-bound transpeptidases 

have been i so l a t ed in soluble form and character ized, in 

contrast with the DD-carboxypeptidese a c t i v i t y t ha t can be 
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Transpeptidase ac t iv i ty 
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s o l u b i l i z e d . The carboxypeptidase from E subtilis has 

indeed been pu r i f i ed to homogeneity. This carboxypeptidase 

is i r r e v e r s i b l y i n a c t i v a t e d by p e n i c i l l i n , and the bound 

penicillin can be eas i ly removed from the enzyme by t r e a t 

ment with hydroxy Lamine or with ethylmercaptan (e thane th io l ) . 

Penic i1 loyl hydroxamate or the e thyl th io es te r of p e n i c i l l o i c 

acid are formed, i nd i ca t ing t h a t pen i c i l l i n is bound to the 

enzyme as a p e n i c l l o y l d e r i v a t i v e . Hydroxylamine not only 

removes the bound p e n i c i l l i n , but also restores the ac t iv i ty 

of the inh ib i t ed enzyme. It has been suggested that inact iva-

t ion of the carboxypeptldase is the r e su l t of acylat ion of an 

e s s e n t i a l sul fhydryl group on the enzyme by the highly reac t 

ive C0-N bond in the ß-lactam ring of the p e n i c i l l i n molecule 

(Fig . 88). This is supported by the finding that, one of the 

four sulfhydryl groups of the enzyme disappears during the 

r eac t ion with p e n i c i l l i n . 

A mechanism of transpeptidation and i t s r e l a t ionsh ip 

to p e n i c i l l o y l a t i o n and DD-carboxypeptidase a c t i v i t y , as 

proposed by Strominger for S.aureus, is .summarized in Fig. 

88. 

Examination of molecular models of p e n i c i l l i n , which 

is a cyc l ic d ipept idc composed of two amino ac ids , D-valine 

and L-cysteine, led Tipper and Stromingcr to propose that the 

a n t i b i o t i c i.s a s t r u c t u r a l analog of D-alanyl-D-alanine and 
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Figure 88 Proposed mechanism of t ranspept idat ion and i t s 
relationship to pen ic i l l oy l a t i on and D-alanine 
carboxypeptidasc a c t i v i t y (in S. aureus) . "A" 
represents the end of the main peptide chain of 
the peptidoglycan s t rand. "ß" represents the end 
of the pentaglycine subs t i t u e n t from an adjacent 
s t rand, if the acyl enzyme intermediate ear. 
reac t with water ins tead of the acceptor ( l e f t ) , 
the enzyme would be regenerated and the subst ra te 
re leased. The overa l l reaction would be hydroly
s i s of the terminal D-alanine residue of the 
subs t r a t e (DD-carboxypeptidase ac t iv i ty ) . (From 
ref. 3) . 

can, there fore , readily i n t e r ac t with the enzyme. The CO-N-

bond in the ß-lactam ring of p e n i c i l l i n , which, as I j u s t 

mentioned, is presumed to acyla te the B. subtilis DD-carboxy

pept idase , l i e s exactly in the same place in the model as the 

peptide bond in D-alanyl-D-alanine that is involved in the 



t r a n s p e p t i d a t i o n r e a c t i o n . Because the corresponding peptide 

bond in the p e n i c i l l i n molecule is part of a four-membered 

r ing s t r u c t u r e (see F ig .88 ) , i t i s somewhat s t r a i n e d . This 

is the bas is of the suggest ion tha t pen i c i l l i n is in fact a 

t r a n s i t i o n - s t a t e analog of D-alany1-D-alanine (A5) ; that i s , 

an analog of the t r a n s i t i o n s t a t e involved in the breakage 

of the pept ide bond in the t ranspept idat ion (and possibly 

a l so of the carboxypeptidase) react ion. 

ARCHITECHTURAL RELATIONSHIPS IN PEP'TIDOGLYCAN SYNTHESIS 

At th i s j unc tu r e i t is perhaps worthwhile to speculate 

on the r e l a t i o n s h i p between the events in peptidoglycan syn

t h e s i s and the molecular a r ch i t ec tu re of the cytoplasmic mem

brane and c e l l wa l l . The precursors of peptidoglycan (sugar 

n u c l e o t i d e s , aminoacyl-tRN'A's, e t c . ] presumably o r ig ina te 

in the cytoplasm, and it is reasonable to suppose that the 

assembly of the complete disaccaride-peptide repeat ing uni t 

takes p lace at or near the inner cytoplasmic surface of the 

membrane. The pept idoglycan, however, l i e s outside the 

membrane and it seems probable that the final s teps in syn

t h e s i s , chain e longat ion and peptide cross l inking, occur at 

the ou te r sur face of the membrane or possibly in the wall 

matr ix i t s e l f . This impl ies , f i r s t , an asymmetric d i s t r i b -
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ution of enzyme a c t i v i t i e s at the two surfaces of the mem-

brand and, second, a t rans locat ion of disaccharide-(peptide) -

PP-GCI from i t s s i t e of synthesis at the inner surface to i t s 

s i t e of u t i l i z a t i o n at the outer surface of the membrane. 

Indeed the possible t ransport function of the l i p i d coenzyme 

was emphasized in the i n i t i a l studios of Strominger and his 

coworkers (1965), and the term " c a r r i e r l i p id" is appropriate 

not only to the function of bactoprenol as intermediate 

c a r r i e r of the act ivated glyeosyl group, but also to cross-

membranal transport of the completed oligosaccharide-peptide 

repeating un i t . The mechanism of the postulated translocat ion 

through the membrane and the question of whether additional 

membrane functions are required for the t ransport of GCL and 

i t s de r iva t ives , are en t i re ly unknown. 

Another outstanding problem is t ha t of the mode of 

c e l l wall growth, repl ica t ion and regulat ion at the ce l lu l a r 

level and in re la t ion to the ce l l cycle. Further progress 

in t h i s direct ion depends on b e t t e r understanding the 

a rchi tec ture of the membrane and of the ' ' vec tor ia l" enzym-

ology that is involved in membrane t r anspor t . It also 

depends on technical improvements in the pur i f ica t ion of the 

re levant pa r t i cu l a t e , synthet ic and l y t i c enzymes, which in 

t h e i r s t a t e arc membrane-bound, and upon the i so la t ion of 

mutants which lack any of these enzymes. 
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