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1. INTRODUCTION* 

The study of protein glycosylation started shortly after the discovery of the role of 
sugar nucleotides as glycosyl donors. The transfer of sugars t o  serine, threonine, and 
hydroxylysine residues in polypeptides was obtained in vitro, but the addition of the 
sugar moiety to asparagine residues proved to be more complicated. This process 
required a different line of attack and this was provided by the discovery of the role of 
polyprenols in the biosynthesis of bacterial polysaccharides by Robbins, Strominger, 
and co-workers. Some lipid-linked sugars were detected in animal tissues and the lipid 
moiety was identified as the polypreno1:dolichol. A new glycosylation pathway was 
uncovered. Besides the direct transfer from sugar nucleotides, it was found that sugars 
could be added with dolichyl phosphates as intermediates. The latter mechanism is used 
for the glycosylation of asparagine residues in  polypeptides, and seems to  be more closely 
related to the process of protein synthesis in the ribosomes than theotherpathway which 
leads to the addition of saccharide residues to hydroxyaminoacids by direct transfer from 
sugar nucleotides. 

This review is restricted to the glycosylation of proteins through lipid intermediates, a 
field that has become one of very active research in recent years. For previous reviews see 
References 1 through 8. 

11. ASPARAGINE-LINKED OLIGOSACCHARIDES 

In 1961-1963 Marshall, Neuberger, and co-workers showed that in ovalbumin an 
N-acetylglucosamine residue is joined to  the amide nitrogen of a~paragine.~-’’ In 1970 
Tarentino et al.” detected di-N,N’-acetylchitobiose as part of the linkage region of 
ribonuclease B, and later these workers with Sukano found that a mannosidase could 
remove all the mannoses but one.l3 The remaining mannose turned out to  link p to  the 
N,N’di-acetylchitobiose. We now know that asparagine-linked oligosaccharides have a 
common pentasaccharide core, with the structure shown in Figure 1, which may carry 

* Abbreviations: G-oligosaccharide is the oligosaccharide containing: mannose,  and N-acetyl- 
glucosaminel which occurs combined with dolichyl diphosphate. The subscripts GO-, GI-.  GI-, and Gj- 
refer to the number of glucose residues. Do1 = dolichyl; Dol-P = dolichyl monophosphate; Dol-P-P = 
dolichyl diphosphate. 
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FZji3" Man p 1-4 Glc NAc p 1-4 G l c  N A c p -  Asn 

FIGURE 1 ,  The common core of the asparagine-linked oligosaccharides. 
In some of the figures that follow, the core is represented by a large E, as  
shown. 
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C D 
FIGURE 2. High mannose oligosaccharides. (A) and (B) I m m u n ~ g l o b u l i n ; ' ~ ~ ' ~  
( C )  ovalbumin;16 (D) thyroglobulin." The core is represented by a large E, as  
shown in Figure 1. The substituents shown above or below the middle line of the 
E correspond to the (Y 1-6 and CY I-3-linked mannoses, respectively. 

various substituents. However some atypical cases have been described. The number of 
known structures has increased considerably, and at the same time great progress has 
been achieved in the knowledge of the biosynthetic steps. 

A. The High Mannose Type 
The oligosaccharides of the high mannose type have a variable number of mannose 

residues joined to N,N'di-acetylchitobiose. Some representative types are shown in 
Figure 2. In each case the oligosaccharides may have a slightly variable number of 
mannose residues and this constitutes the so called microheterogeneity. 

It is interesting to point out that an oligosaccharide of thyroglobulin shown in 
Figure 2D has nine mannoses linked exactly the same as in the oligosaccharide 
containing glucose3, mannose9, and N-acetylglucosamine2 which occurs joined to 
dolichyl diphosphate and which we call Gj-oligosaccharide. 

B. The High N-Acetylglucosamine Type 
In addition to the high mannose type there are oligosaccharides which contain 

mannose and more than two N-acetylglucosamines. These have been found in ovalbumin 
and may be present in other glycoproteins. 

The structure of two representatives of this type, which may be referred to as the high 
N-acetylglucosamine type, is shown in Figure 3.  It  may be observed that in Figure 3A, a p  

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



April 1982 291 

Man 

Man 0<1-3 x![pl-4 GIcNAcp1-4GIcNAcp Asn 

F a n  

GlcNAc (3 1-2 Man 1.4 

G Ic NAc 
A 

Manfl-4 GlcNAc$l-4GlcNAcp Asn 

GlcNAcp 1-2 Man 

GlcNAc GlcNAc 
B 

FlGU RE 3. 
type from ovalbumin.'6 

Oligosaccharides of the high N-acetylglucosamine 

1 +linked N-acetylglucosamine residue is attached to the internal mannose, and another 
p-1-2 residue is combined to the a 1-3 mannose of the core. Thus this oligosaccharide has 
4 N-acetylglucosamines, and 5 mannoses in total. The oligosaccharide shown in 
Figure 3B has one mannose less, but an additional N-acetylglucosamine-linked p 
1-4 (thus totaling 5 N-acetylglucosamines) to the a I-3-linked mannose residue of the 
core. 

C. The Complex Type 
The characteristic feature of the complex type of oligosaccharides is the sequence sialic 

acid-galactose-N-acetylglucosamine joined to the core. The disaccharide galactosyl p 
1 4  N-acetylglucosamine is called N-acetyllactosamine, and for this reason the complex 
saccharides are often referred to as the lactosamine type." Some typical representatives 
of this type are shown in Figure 4. In many cases some of the sialic acid residues are 
missing. The lactosamine-containing chains may vary in number from 2 to 4. Some 
workers refer to these oligosaccharides as bi-, tri-, and tetraantenary, according to the 
number of substitutent  chain^.'^ The biantenary type (Figure 4A) is found in many 
glycoproteins, including transferrin, several immunoglobulins, cold insoluble globulin, 
and several others.20-22 In immunoglobulin E, besides the complex biantenary, there are 
oligosaccharides of the high mannose type but with a different core vide infra. 
Human a I -protease inhibitor has both bi- and triantenary oligosaccharides with 
structures as those shown-in Figure 4 A, B, and C.23-24 Cold-insoluble globulin has a 
biantenary oligosaccharide, and contains sialic acid residues linked a 2-6 or a 2-4, and 
some p 1-3 galactosyl residues.22 The tetraantenary structure shown in Figure 4D 
corresponds to the oligosaccharide of human plasma a I acid glyc~protein. '~ Some of 
these oligosaccharides may have some fucose residues joined to  a 1-6 to  the innermost 
N-acetylglucosamine, while others have fucose residues linked a 1-3 to the antennae as 
shown in Figure 4D. 
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S A o c  2-6 Galpl-4 Glc NAcel-2 

+SAM 2-6 G a l ~ l 1 4 G l c N A c ~ 1 - 2 L  

EB +SAo<2-6 Galpl-4 GlcNAcFl-7 

+SAM 2-6 Gal@ 1-4 Glc NAcg 1-2 
kSAat2-6 Galel-4 GlcNAcql-4 

SAM 2-6 Gal Q 1-4 GlcNAc (3 1-2 
SAo(2-6 Galpl-4 GlcNAcp 1-4 

SAM 2-6 Gal? 1-4 GlcNAcp 1-2 
c E 

SAM 2-6 Galp 1-4 Glc NAcQ 1-6 
SAo(2-6Galp 1.4 GlcNAcpl-2 
SAX 2 - 6 G a l ~  1-4 GlcNAcQ 1-4 
SAM 2-6Galp 1-4 GlcNAcg 1-2 

t r u c  

FIGURE 4. Oligosaccharides of the com- 
plex or lactosamine type. (A)  Human sero 
translerrin,” IgE,2’ cold insoluble glob- 
ulin,I2 human a l  protease inhibitor;” (B) 
human a I  protease inhibitor,” human 
plasma a l  acid gly~oprotein;~’ (C) human 
n,, protease inhibitoriZ4 (D) human a, acid 
gly~oprotein.’~ The large E represents the 
core, as described in Figure I .  

D. Miscellaneous Oligosaccharides 
Some oligosaccharides have the common pentasaccharide core, but are different from 

both the high mannose and the complex type. One of these was isolated by Krusius et al.25 
It  has 5 to  14 lactosamine units joined to the common core. It was isolated from red blood 
cells and had A and B blood group activities. A similar oligosaccharide was detected in 
CHO cells.26 It had about I2 acetyllactosamine residues joined to the pentasaccharide 
core (Figure 5A). Corneal keratan sulfate also has lactosamine-repeating units and is 
believed to be joined to protein by a mannose-N-acetylglucosamine core. Its biosynthesis 
seems to involve lipid intermediates since it is inhibited by tuni~amycin.~’ 

Studies on calf thymocytes have revealed the presence, in the asparagine-bound 
oligosaccharides, of the grouping: Gal p 1-3 Gal p 1-4 GlcNAc -which occurs in di-, 
tri-, or tetraantenary complex 

Another interesting compound has been isolated from bovine kidney cells.28 The 
proposed structure is shown in Figure 5B. There are two galactose disaccharides 
substituting the mannoses of the common core. Two acetaldehyde in acetal linkages are 
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\ (Gal? 1-4 G Ic N Ac p 1-3 In Galg 1-4 G I c N Ac (3 1-6. 

\Man 

(Gale 1-4GlcNAcg 1-31, Gal? 1-4GltNAcOl-2 ' ~ : ~ a n ~ l - 4 G l c N A c p l - 4  ClcNAc 

(Gal~l-4GlcNAcgl-31nGalai-4 GlcNAc 0 1-2 Man I 
fuc 

A 

0 k 5 
CH CH/ \Calgl-3Gal~1-2Han S03H S03H 

\J \% 1-6 I I 
.n. U A - y F 1 - 4  GlcNAcrjl-4 I GIcNAc 

in  Fuc 
B 

FIGURE 5 .  
(B) bovine kidney cell oligosaccharide.28 

Miscelaneous oligosaccharides, ( A )  Chinese hamster ovary glycoprotein;*6 

present, probably on the terminal galactose. Furthermore, two sulfate groups and a 
fucose substitute for the N-acetylglucosamine residues of the core. This unorthodox 
compound was first detected in paramyxovirus-infected bovine kidney cells, but was also 
found in uninfected cells. 

Sulfated oligosaccharides bound to asparagine also have been found in embryonic 
liver and lung. They contain terminal fucose and sialic acid residues, as well as 
0-sulfated N-acetylglucosamine residues.28a 

E. Atypical Cases 
Some oligosaccharides have been described which do not conform to the rule of having 

the common pentasaccharide core. One of these exceptions is an oligosaccharide isolated 
from immunoglobulin E which has the structure shown in Figure 6A. It does not have the 
N,N'di-acetylchitobiose residue, and has an a-linked N-a~etylglucosamine.~~ Further- 
more, it has no microheterogeneity. 

Another atypical case was detected by Jouanneau and Bourrilon in a human 
pathological immunoglobulin M.30 It contained only one N-acetylglucosamine to which 
six mannose were joined as shown in Figure 6B. 

The biosynthesis of these compounds is a new challenge, but before embarking on this 
study, perhaps it would be advisable to confirm the structures. 

F. Oligosaccharides of Viral Glycoproteins 
The Sindbis virus has two envelope glyc~proteins.~' Each of these glycoproteins has 

two types of oligosaccharides, one complex like the one shown in Figure 4A but with a 
2-3 linked sialic acid residues, and one high mannose identical to the ovalbumin oligo- 
saccharide of Figure 2C. This oligosaccharide is shown with seven mannose residues, but 
it is heterogenous and it can have more or less mannose residues.32 

From the Sindbis glycoprotein E2, three glycopeptides of the complex type have been 
isolated. The glycopeptide S1 has two sialic acid residues, while glycopeptides S2 and S3 
have only one or no sialic acid residues, re~pect ively.~~ 
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Man 

1-4 G IcN Ac rx 1-3 Mane 1-4 Glc NAc p - Asn lo( 1-6 

Man 
Man 

k 1-2 
I 

Man 
A 

Man50cManp GlcNAc -Asn 

B 
F I G U R E  6. Some atypical oligosaccharides. (A )  Immuno- 
globulin E ol igosac~har ide ;~~ (B) Pathological immunoglobulin 
M oligosa~charide.~~ 

The VesicuZar stomatitis virus has five polypeptides. One of them, glycoprotein G, is 
inserted assymetrically in the virus membrane. Its oligosaccharides and a large part of the 
polypeptide chain are on the external side of the membrane. Glycoprotein G has two 
oligosaccharides of the complex type (Figure 4C), with three chains capped with Q 2-3- 
linked sialic acid and a fucose-joined a 1-6 to the innermost a~etylglucosamine.~~ 

The SemZiki virus has three glycoproteins (E l ,  Ez, and E3). Two of them ( E l  and E3)  
are glycoproteins with oligosaccharides of the complex type similar to those of Vesicular 
stomatitis 

G. Oligosaccharide of Plant Glycoproteins 
Several plant glycoproteins contain oligosaccharides with an N-acetylglucosamine 

linked to asparagine (see Sharon and Lis for a review3'). An oligosaccharide of the high 
mannose type is found in soya bean aggl~tinin.~'  Another oligosaccharide containing the 
common core plus one residue each of a 1-2 mannose, a 1-6 fucose, and p-xylose, has 
been detected in bromelain, the proteolytic enzyme of pineapple.*' 

111. THE RELEASE OF OLIGOSACCHARIDES FROM PROTEINS 

The separation of the oligosaccharide moiety from the protein is an important step in 
the study of glycoproteins. Besides removal of most of the amino acids by proteolytic 
enzymes, several procedures are now available for isolating the ol igosa~charide.~~ These 
are: (a) treatment with alkali, (b) hydrazinolysis, (c) the use of endo-p-N-acetylglucos- 
aminidases. 

A. Treatment with Alkali 
The conditions used for the alkali treatment vary with the different types of 

glycoproteins. The galactosyl-hydroxylysine linkage of glycoprotein as found in collagen 
is very stable to alkali. Thus the glycopeptide can be isolated after heating at  90" C in 
2 N NaOH for 10 hr.39 In contrast, the linkage of sugars (xylose, N-acetylgalactosamine 
or mannose) to hydroxyaminoacids such as serine or threonine is alkali labile. For 
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instance, it can be split by treatment with0.05 N NaOH for 12 to  30 hr at 25".  The process 
is referred to as P elimination. It requires that the amino and carboxyl groups of the 
hydroxyaminoacid be substituted, as occurs in proteins. 

Removal of the asparagine-linked oligosaccharides also can be carried out by alkaline 
treatment. In order to avoid degradation, borohydride may be added so that the reducing 
group is reduced immediately after it is liberated. The procedure consists in heating at 
1000 for 4 to 6 hr in 1 M NaOH plus 1 M NaBH4. The monosaccharide residues are not 
degraded by this treatment, but the most internal N-acetylglucosamine is reduced, and 
the acetyl groups are removed. The oligosaccharide therefore acquires positive charges 
and can be characterized by electrophore~is.~~ Another analytical procedure consists of 
treating the deacetylated oligosaccharide with nitrous acid followed by paper 
ch r~matography .~~  

B. Hydrazinolysis 
Removal of the oligosaccharide has been effected by heating with anhydrous 

h y d r a ~ i n e . ~ ~  The procedure has been used successfully by several workers, apparently 
without undue decomposition of the o l igosa~char ides .~~.~~ 

Usually the glycopeptide or glycoprotein is heated in anhydrous hydrazine for 30 hr at 
100" .44 The hydrazine is then. distilled under vacuum. The acetyl groups are removed by 
this treatment, and the amino groups can then either be reacetylated or the 
oligosaccharide can be treated with nitrous acid, thus splitting the molecule at the points 
where hexosamine residues are present. 

C. Endo-8-N-Acetylglucosaminidases 
The discovery of endo-P-N-acetylglucosaminidases provided a method for removing 

the oligosaccharide from the polypeptide without submitting it to a drastic chemical 
treatment. These enzymes hydrolyze the bond between the two P 1-4-linked N- 
acetylglucosamine residues of the oligosaccharide core. 

The first of these enzymes to  be discovered was found in Streptomycesgriseus extracts 
by Tarentino and  male^.^^ The enzyme was called endo-P-N-acetylglucosaminidase H 
because it acts on the high mannose type oligosaccharides, while another enzyme, endo- 
P-N-acetylglucosaminidase L, acts on the low molecular weight oligosaccharide such as 
Man (GlcNAc)2 The last enzyme also hydrolyzes P 1-4-linked N-acetylhexosamine 
oligosaccharides obtained from chitin. The N-acetylglucosamine tri- and tetrasac- 
charides are split at twice the rate observed from Man(G1cNAc)z Asn. 

Another endo-P-N-acetylglucosaminidase was detected in Diplococcus pneumonia. 
At first, it was thought that this enzyme could hydrolyze complex oligosaccharides, but 
then it was found that the purified enzyme only acted after removal of the peripheral 
sugars (sialic acid, galactose, and N-acetylglucosamine).47 Two endo-P-N-acetylglucos- 
aminidases, CI  and C11, have been isolated from the bacteria Clo~tridiumperfringens.~~ 

Considerable work has been carried out on the specificity of these enzymes. Table 1 
summarizes the activity of the endo-P-N-acetylglucosaminidases on different substrates. 
The meaning of Ma,, Mp,, and MCU is explained in the legend. Endo-P-N-acetyl- 
glucosaminidase H acts on oligosaccharides containing 3 to 50 mannose residues.49 Its 
specificity can be summarized as follows: it requires an a 1-3 mannose or an  a 1-6 
mannose on Ma, (a Man a 1-2 residue on the above mentioned a I-3-linked mannose 
does not abolish activity). (See Table 1, Numbers 6 and 7). The Ma, residues may be 
absent, unsubstituted, or substituted (Numbers 1 through 8).  An a 1-6 fucose residue on 
the internal N-acetylglucosamine suppressed the activity.49 Endo-/3-N-acetylglucos- 
aminidase H acts on oligosaccharides joined to protein or to an asparagine residue, as 
well as on the free oligosaccharide or one having the first N-acetylglucosamine reduced." 

Trimble et al? reported that the relative rate of hydrolysis of the different 
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oligosaccharides with endo-P-N-acetylglucosaminidase H is as follows (numbers in 
parenthesis refer to those of Table I): core witha Man& 1-6 substituent on Ma, (6)> core 
with a Man a 1-3 substituent on Ma, and with Ma1 absent (8) > core with Man CY 1-6 
and Man CY 1-3 substituents on Ma, ( 5 )  >>> naked core (9) > core with Ma, absent (10) 
>> core with Ma, and Ma, absent (1 1). 

Endo-p-N-acetylglucosaminidase CII requires the Ma, residue (which may have an CY 

1-2 mannose or GlcNAc p 1-2 - see Table 1, Numbers 3, 4) and a Man a 1-3 joined 
to Ma, (the a 1-3 Man may carry an a 1-2 mannose). An a 1-6 fucose on the internal 
N-acetylglucosamine suppresses the activity. There are differences between the 
specificities of endo-P-N-acetylglucosaminidase H and CII . The latter only acts on 
oligosaccharides of the high mannose type, while endo-/3-N-acetylglucosaminidase H 
can also hydrolyze oligosaccharides substituted with N-acetylglucosamine or lactos- 
amine in position 4 of Ma,. 

The specificities of endo-p-N-acetylglucosaminidases D and CI are equal. They 
require a free Ma, mannose, and may have no substituent, several mannoses, or a 
lactosamine chain on Ma6. The internal N-acetylglucosamine may be joined to various 
residues, or carry an CY 1-6 fucose residue. The substitution of the Mal mannose produces 
a decrease of 1000-fold in the reactivity of these glycopeptides towards endo-0-N- 
acetylglucosaminidase D.52 

An endo-P-N-acetylglucosaminidase extracted from a Basidiomycete has been found 
to act on asialo biantenary glycopeptide, and more slowly on the monosialo derivative. 
The presence of fucose on the innermost acetylglucosamine decreased the rate of 
hydrolysis. Tri- and tetraantenary glycopeptides were not acted upon.55 

Endo-p-N-acetylglucosaminidase activity has also been detected in animal tissues, 
such as hen oviduct and pig and rat l i ~ e r . ~ ~ ’ ~ ’  They presumably are involved in the 
breakdown of glycoproteins’. This would explain why oligosaccharides that lack one 
N-acetylglucosamine, like the products of endo-P-N-acetylglucosaminidase, are found in 
the urine of patients with mannosidosis. All the oligosaccharides excreted by patients 
with mannosidosis have the basic structure of the G-oligosaccharide, but without glucose 
and with fewer man nose^.^* The most abundant is a Man a 1-3 Man P 1-4 GlcNAc, 
followed by Man a 1-2 Man a 1-3 Man /3 1-4 GlcNAc. 

IV. LIPID INTERMEDIATES 

The early work on lipid intermediates has been reviewed previously.’-’ The 
compounds involved in the glycosylation of asparagine residues in proteins are 
derivatives of dolichol. The derivatives of retinol have received considerable attention 
but their role is not quite clear as yet.” Two types of dolichol compounds are found in 
cells: some with one phosphate residue, and others with two. 

A. Dolichol 

biological material.60 Its structure is as follows: 
Dolichol was first detected in chemical studies on the unsaponifiable fraction of 

The number of isoprene residues in dolichol isolated from animals varies from 17 to 21, 
and from 14 to 24 for yeast, fungi, and plants. However, a polyprenol with 11  isoprene 
residues has been isolated from pig liver. Like dolichol, it is a-saturated.61 Undecaprenol, 
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a polyprenol which acts as a cofactor in the formation of certain polysaccharides in 
bacteria, has 1 1 isoprene residues, all unsaturated. Ficaprenol isolated from plant 
material, also has 1 I isoprene residues, but differs in that it has three trans double bonds 
instead of the two found in undecaprenol. 

Besides being present in most animal tissues, dolichol probably is present in plants. It 
has been found that a phosphorylated form, apparently containing 17 or 18 isoprenes 
units and a-saturated, occurs in plant material as the p h o ~ p h a t e . ~ ~ > ~ ~  The synthesis of 
dolichyl phosphate from mevalonic acid or isopentyl pyrophosphate has been obtained 
in cell-free extracts from peas or from the liver of chicken or rabbits. Of the subcellular 
fraction, the most active was the mitochondria1 outer membrane.64v65 

Biosynthesis with a hen oviduct extract resulted in the isolation of 2-3 dehydrodolichol 
monophosphate as if phosphorylation occurred before saturation of the double bond.66 

B. The Phosphorylation and Dephosphorylation of Dolichol 
There is evidence that dolichol phosphate arises from dolichol by the addition of 

phosphate, but another possibility is that the carbon chain grows with the phosphate 
already present. 

Phosphorylation of dolichol has been detected in eucaryotic cell extracts according to 
the following r e a ~ t i o n : ~ ~ , ~ ~  

CTP + Do1 -. Dol-P + CDP ( 1 )  

Phosphorylation of dolichol has also been detected by incubation of the pupae of the 
Mediterranean fly (Ceratitis capitata) with radioactive ATP.69 In this case the phosphate 
donor might also have been CTP, but this point was not established. A dephosphoryla- 
tion of dolichyl diphosphate was first observed to be catalyzed by rat liver rn ic ro~omes .~~ 
A phosphatase active on dolichyl phosphate and diphosphate has been detected in 
human lymphocytes” and in neuronal ~er ikar ia .~’  It does not require divalent metals for 
activity. 

C. Dolichyl Derivatives with One Phosphate 
Compounds of dolichyl monophosphate with glucose, mannose, xylose, and galactose 

have been de~cribed.~ In every case the sugar is present as the p-anomer. All these 
compounds lose the sugar residue on treatment with dilute acid. 

1 .  Dolichyl Phosphate Glucose 
The early work on Dol-P-Glc has been reviewed previo~sly.~ The effect of added 

dolichyl phosphate was first tested on the formation of Dol-P-Glc catalyzed by the 
microsome fraction of liver or other tissues73 as follows: 

UDPGlc + Dol-P - Dol-P-Glc t UDP (2) 

The reaction requires Mg” ions and a neutral detergent such as Triton X-100. The 
amount of Dol-P-Glc formed is proportional within limits to the amount of Dol-P 
added, so that it can be used as a method for measuring Dol-P. It was with this 
procedure that Dol-P was first detected as a cofactor in oligosaccharide biosynthesis. It 
was later found that the method is not quite specific because other polyprenol phosphates 
may be used as substrates for Dol-P. For instance, chemically phosphorylated ficaprenol 
has been found to  be active, although much less than Dol-P. The glucose residue is labile 
to acid, i.e., when heated at pH2 for 5 to 10 min it is liberated completely. Since very small 
amounts of buffering substances affect the pH, it isconvenient to adjust thelatter with an 
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internal indicator such as thymol blue. In 0.1 N acid at 18" C in chlorofom-methanol2: 1, 
and half-life of Dol-P-Glc is 5 to 6 ~ n i n . ~ ~  Treatment with alkali (45 min at 100" in 1 N 
NaOH in aqueous propanol) leads to  the decomposition with formation of 1-6 anhydro 
g l u c o ~ a n . ~ ~  This was taken as an indication of thep configuration of theglucosyl residue. 
This anomeric structure, as well as that of the rest of the molecule, was made certain by 
the experiments of Herscovics et al.75 They synthesized Dol-P a Glc and Dol-P p Glc 
and found that only the latter produced 1-6 anhydroglucosan when heated 30 min at 60 to 
90" in 0.1 N NaOH. 

2. Dolichyl Phosphate Mannose 

microorganisms catalyzes the following reaction: 
An enzyme present in many, or perhaps all, mammalian tissues and in some 

G D P  Man t Dol-P - Dol-P-Man + GDP ( 3) 

The reaction product, Dol-P Man, was studied by several workers: and was synthesized 
by Warren and J e a n l ~ z . ~ ~ - ~ '  They also prepared Dol-Pa-Man and Dol-P-Pa-Man. The 
product formed according to Equation 3 with endogenous Dol-P and calf pancreas 
microsomes was clearly different from Dol-P-P-a-Man as judged by its mobility in thin 
layer chromatography (TLC). 

Comparison of synthetic Dol-P-a-Man with the compound formed by the enzyme 
showed that although they have very similar mobilities in TLC in several solvents they 
could be slightly separated with others. On the other hand, Dol-P-P-Man obtained by 
synthesis ran like the enzymatically synthesized compound in all ~ o l v e n t s . ~ ~ ~ ' ~  Both the 
synthetic and natural compounds when treated with alkali yielded mainly mannose-2- 
phosphate, while Dol-Pa-Man gave only degradation products of mannose.8098' 

Studies by Mankowski et al.'2.*3 in which other polyprenols were substituted for 
Dol-P in enzymatic tests showed that the most important structural requirement was the 
saturation of the a-isoprene residue. The chain length of the polyprenol and the cisltrans 
configuration of the double bond were less important. This was truefor the formation of 
the mannose, glucose, and N-acetylglucosamine containing lipids from the correspond- 
ing sugar nucleotides. 

3. Dolichyl Phosphate Derivatives of Other Sugars 
By incubation of UDP-xylose with hen oviduct microsomes, Waechter et al.84 

obtained Dol-P-xylose. It has not been determined if a specific enzyme is involved or if it 
is produced by the enzyme that normally makes Dol-P-glucose. This seems likely, due to 
the fact that D-xylose differs only from glucose in having an H residue instead of 

The xylosyl transferase involved in joining xylose to serine in the linkage region of 
chondroitin sulfate seems to use directly UDP-xylose as a substrate, and not a lipid 
intermediate. 

Another derivative which has been prepared is Dol-P-galactose. It has been obtained 
by incubation of UDP-galactose, Dol-P, and an enzyme from Acetobacter ~ y l i n u r n . ~ ~  Its 
formation with enzymes from eukaryotes is doubtful, but it functions as a galactose 
donor to an endogenous acceptor of liver, resulting in the formation of a lipid-linked 
galactose containing oligosaccharide which has a chromatographic mobility similar to 
G-oligosaccharide.86 

CH2 OH. 

D. Dolichyl Derivatives with Two Phosphates 
The series of compounds containing two phosphates involves some with only one 
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sugar residue up t o  the largest known, which has 14 residues (dolichyl diphosphate G3- 
oligosaccharide). 

I .  Dolichyl Diphosphate N-acetylglucosamine 
The first compound of the series is dolichol diphosphate N-acetylglucosamine. It was 

first detected as a product of incubation of radioactive U DP-N-acetylglucosamine and 
liver microsomes.’ In the process a glycosyl phosphate is transferred and U M P  is formed, 
in contrast t o  the previously mentioned reactions in which only the sugar residue is 
transferred and U D P  is formed. The reaction is 

UDP-GIcNAc + Dol-P - Dol-P-P-GIcNAc + U M P  (4) 

It requires a divalent cation (Mg” or Mn”) and is activated by neutral detergents. 
Chemical synthesis of Dol-P-P-GlcNAc has been carried out by Warren et al.,” and the 
product has been compared with the compound obtained by enzymatic synthesis. Both 
substances behaved the same when run in DEAE cellulose and silicic acid columns or in 
TLC with different solvents and gave N-acetylglucosamine by mild acid hydrolysis and 
GlcNAc-I-P by treatment with phosphodiesterase. 

2. Dolichyl Diphosphate N, Ndi-acetylchitobiose 
Paper chromatography of the reaction products of Reaction 4 after mild acid 

hydrolysis shows the presence of N-acetylglucosamine, and sometimes also of a slower 
moving substance which was identified as N-acetylglucosaminyl /3 Id-N-acetylglucos- 
amine, o r  N,N’di-acetylchitobiose.88 A priori it could be thought that the added 
N-acetylglucosaminyl residue could originate from U DP-GlcNAc o r  from Dol-P-P- 
GlcNAc. Studies in which the labeled donor was one or the other compound led to the 
conclusion that the reaction occurred as follows:” 

UDP-GIcNAc + Dol-P-P-GIcNAc -. Dol-P-P-GIcNAc 8-1-4 GIcNAc + U D P  ( 5 )  

That is, the donor is the sugar nucleotide. The reaction product has been chemically 
synthesized and found to be the same as the one formed e n ~ y m a t i c a l l y . ~ ~  

3. Dolichyl Diphosphate Oligosaccharide Containing N-acetylglucosamine and Mannose 
Residues 

The early experiments showed that incubation of microsomes with labeled GDP-Man 
or Dol-P-Man led to the incorporation of label in dolichyl diphosphate oligo~accharides.~ 
The evidence that has been gathered since then shows that the first five mannoses are 
added directly from GDP-Mannose, and the rest probably from dolichyl diphosphate 
mannose. 

Starting with dolichyl diphosphate N ,  N’ di-acetylchitobiose as acceptor and GDP- 
Mannose as donor, a dolichyl diphosphate trisaccharide was found to be formed as 
follows: 

Dol-P-P-G IcNac2 + GDP-Man-Dol-P-P-GIcNac2-Man + C D P  ( 6 )  

Dol-P-Man was inactive as donor, and Dol-P did not accelerate the reaction.” It may 
be pointed out that the first mannose to  be added has a p configuration, whereas the 
others are a. 

In the presence of EDTA, which inhibits dolichyl phosphate mannose formation, and 
GDP-Man as donor, a dolichyl diphosphate oligosaccharide containing five mannoses 
a c ~ u m u l a t e s . ~ ” ~ ~  A mouse lymphoma cell mutant Thy-1-E which is defective in dolichyl 
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Man o( 1-2 Man 

Hanpl-4GlcNAcp 1-4 GlcNAc- 
0 

0 @ 0 

Man& 1-2 Man 

Man H 1-2 Man oc 1-2 Man 

FlGURE 7. 
diphosphate G-oligosaccharide. 

The order of addition of the mannose residues of dolichyl 

phosphate mannose formation also accumulates a lipid oligosaccharide containing five 
mannoses (numbers 1-5 of Figure 7).93 Membrane enzymes from this mutant were found 
to be able to use dolichyl phosphate mannose as a donor of mannose number 6, and 
probably 7, 8, and 9 of Figure 7. 

A mannose transferase which is involved in the process of formation of dolichyl 
diphosphate oligosaccharides has been solubilized and partially purified." It catalyzes 
the transfer of mannose from GDP-Man to an exogenous acceptor yielding a five- 
mannose compound in which the newly added mannose joins ty 1-2. This mannose seems 
to be that marked number 5 in Figure 7. 

C. Dolichyl Diphosphate G-Oligosaccharide 
1. The Structure of G-oligosaccharide 

Dolichyl diphosphate G-oligosaccharide was discovered some 10 years ago as a 
product of the reaction of Dol-P-Glc with an endogenous acceptor present in liver 
microsomes. The substance was found to be insoluble in most organic solvents, but 
soluble in chloroform-methanol-water (1: 1 :0.3).74 Mild acid treatment led to the 
liberation of a substance which appeared to  be dolichyl phosphate, and of another 
compound which had the properties of an oligo~accharide.~~ If the acid treatment was 
carried out in a solvent containing methanol and low water content, the methyl glycoside 
of an oligosaccharide was formed, and when the latter was treated with alkali (2 N at 
looo), two positive charges appeared due to the deacetylation of two hexosamine 
 residue^.^' Periodate oxidation of G3-oligosaccharide labeled in the glucose residues 
showed that the radioactive formic acid liberated corresponded to less than 1 molecule 
per molecule of glucose. Theoretically, only those residues which have unsubstituted 2, 
3, and 4 hydroxyl groups should yield formic acid. The conclusion was that only half or 
less of the glucose residues corresponded to unsubstituted end groups, and that 
probably some of the glucose residues were joined to each other.40 

Further studies on Dol-P-P-G-oligosaccharide were carried out by Spiro et al.96'97 
They incubated calf thyroid slices with labeled monosaccharides and isolated the Dol-P- 
P-G-oligosaccharide. They concluded that N-acetylglucosamine, mannose, and glucose 
were part of the same compound. After labeling with '(H)mevalonic acid, [''Plphosphate, 
and [14C]glucose, a glycolipid with the three labels was found to be formed. 

The structure for the G-oligosaccharide shown in Figure 8 was proposed by Li et al.,98 
based on the studies carried out on a dolichyl diphosphate G-oligosaccharide obtained 
from Vesicular stomatitis virus-infected cells incubated with labeled monosaccharides. 
These studies consisted of acetolysis, Smith degradation, methylation analysis, and 
periodate oxidation. The linkages of the mannose and N-acetylglucosamine are the same 
as those of thyroglobulin oligosaccharide shown in Figure 2D. 

Liu et al.99 arrived at the same structure in studies on G-oligosaccharide synthesized by 
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Manoc 1-2 Man 

Y i a n  

Man o< 1-2 Man (3 1-4 GlcNAc p 1-4 GlcNAc 

GIc 1-2 Glc 1-3 G Ic 1-3 Man o( 1-2 Man N 1-2 Man 

FIGURE 8. The structure of Gj-oligosaccharide. 

NIL 8 fibroblasts. The anomeric configuration of the glucoses has not been established 
with complete certainty, but most of the evidence indicates an a configuration. The 
commonly available a and /3 glucosidases act very slowly or not at all on the G- 
oligosaccharide. Microsomal enzymes release the glucose rapidly, but their specificity is 
not certain. Studies on the inhibition by disaccharides has shown that kojibiose (glucosyl 
a 1-2 glucose) inhibits the glucosidase acting on the most external glucose, and that 
nigerose and maltose (which have a 1-3 and a 1-4 linkages, respectively) inhibit the 
glucosidase acting on the two internal glucoses. loo None of the /3 disaccharides tested 
were inhibitory. This point, and some contradictory results with p-nitrophenylgluco- 
sides, are mentioned in the section on glucosidases. 

Chromium trioxide has been used by Spiro et a1.I'' for distinguishing a from /3 
anomers. The results were in favor of an a configuration. Considering all the evidence 
available, it seems that the three glucoses of G-oligosaccharide are a. 

2. The Biosynthesis of Dolichyl Diphosphate G-oligosaccharide 
A scheme of the biosynthetic pathway of dolichyl diphosphate G-oligosaccharide is 

presented in Figure 9. There are still many details to fill in, but on the whole the scheme 
has solid foundations and is applicable to most, or perhaps to all, eukaryotic organisms. 

The first enzyme in the pathway is an N-acetylglucosamine transferase which leads to 
the formation of dolichyl diphosphate N-acetylglucosamine and uridine monophosphate. 
The second reaction is another N-acetylglucosamine transferase which yields dolichyl 
diphosphate, N, N' di-acetylchitobiose. The next step is the introduction of mannose 
residues, the donor being either GDP-rnannose directly, or dolichyl phosphate mannose. 
The last step in the biosynthesis of the G-oligosaccharide is the addition of the three 
glucoses. The glucose acceptor seems to be a dolichyl diphosphate oligosaccharide with 
nine mannoses and two acetylglucosamine (the compound with eight mannoses has also 
been suggested)."* The donor of all three glucoses is Dol-P-G lc.'03~104 

All these steps are catalyzed by enzymes present in the microsomal fraction of tissue 
extracts. The most available material is liver but many other tissues have been used. 
Microsomes usually contain acceptors so that the different reactions can be detected with 
only the addition of sugar nucleotides. However, in some cases addition of exogenous 
acceptors greatly increases the yield of the product. For instance, the yield of mannose- 
labeled lipids from GDP-['4C]-Man was greatly increased by the addition of an 
exogenous acceptor. lo' 

The last reaction of G-oligosaccharide biosynthesis, that is the addition of glucose 
from Dol-P-glucose, was not influenced by the addition of an exogenous acceptor. In all 
these reactions an important factor is the detergent concentration. The quantity added 
for optimal yields depends on the amount of microsomes and lipids added, and can only 
be determined by previous tests. 

In some experiments more than one sugar nucleotide was incubated with the 
microsomes. Robbins et a1.'06 observed that the size of the lipid-linked oligosaccharides 
was larger when UDP-Glc was added besides labeled GDP-Man. The action of UDP-Glc 
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Do1 - P 

UDP- GlcNAc ?I,,, 
001- P- P-GlcNAc 

001- P- P ~ G I C N A C ~  

G OP- Man GOP 

Dot-P-Man 001-P 

Ool-P-P-GlcNAc2 Mang 

001-P 4- 001-P-Glc 

Dol-P-P-GlcNAc2 Man9 Glc3 

FIGURE 9. The pathway of dolichyl 
d iphospha te  G-oligosaccharide bio- 
synthesis. 

was manifest in the range of 10-7M. This concentration is three or four orders of 
magnitude lower than the K, for UDP-Glc of glycogen synthetase. 

Based on a study of the lipid-linked intermediates found in CHO cells incubated with 
[3H]galactose or r3H]mannose, in order to label glucose (or both glucose and mannose, 
respectively), Chapman et a1.Io7 deduced a sequence of addition of the mannoses. The 
intermediates were extracted and hydrolyzed to release the oligosaccharides. After 
separation of the latter by paper chromatography, the oligosaccharides which contained 
one to eight mannose residues were identified by a-mannosidase digestion methylation 
analysis and acetolysis. Knowing the structure of the different oligosaccharides, the order 
of mannose addition shown in Figure I was proposed. 

V. PROTEIN GLYCOSYLATION 

A. Transfer of the Oligosaccharides to Protein 
The first experiments of transfer of oligosaccharide from the dolichyl diphosphate 

derivative to protein were carried out with Dol-P-P-G-oligosaccharide as donor and 
endogenous protein of liver microsomes as acceptor.Io8 Subsequently, other Dol-P-P- 
saccharides were tested as donors and exogenous polypeptides were used as acceptors. 

B. Different Dolichyl-P-P-Saccharides as Donors 
Qualitative tests showed that many compounds can be used as saccharide donors. 

Mannose-labeled Dol-P-P-oligosaccharides, presumably containing five or more 
mannoses and probably no glucose, were found to act as  donor^.'^^.'^^-"' 

Dolichyl derivatives containing saccharides as small as N,N'di-acetylchitobiose,"Z-"P 
also served as donors. Transfer to protein has also been or a trisaccharide, 113-1I5,116 
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FIGURE 10. The transfer of GI-oligosaccharide to  protein. 
Dolichyl diphosphate G-oligosaccharide labeled in the glucose 
was incubated a t  37' with liver microsomes with(lowerframe),  or 
without Mn" (upper frame). After 10 min, the proteins were 
precipitated off, and the fraction soluble in chloroform-methanol- 
water I :  I :0.3 containing the unreacted dolichyl diphosphate 
oligosaccharides was hydrolyzed with 0.01 M a c i d  a t  loOD for 10 
min. and the oligosaccharides were separated by paper chroma- 
tography - G 3 ,  G2.  and  G I ,  correspond to oligosaccharides with 
3, 2, and I glucose residues. The numbers a t  the top represent the 
radioactivity in cpm of the corresponding piece of paper. 
(F rom Staneloni, R. .I., Ugalde, R. A,, and Leloir, L. F., Eur. J.  
Biochern.. 105, 275, 1980. With permission.) 

observed with a sugar nucleotide as donor. Thus, Khalkhali and Marshall reported a 
transfer of N-acetylglucosamine from UDP-N-acetylglucosamine to ribonuclease 
A. ' I s  

However, when the rate of transfer to protein was measured some striking differences 
were observed. Turco et al.1'9 compared Dol-P-P-G-oligosaccharides with similar 
compounds free from glucose. In order to measure the concentration of the substrates 
they submitted the substances to mild acid hydrolysis followed by reduction with tritium- 
labeled borohydride. When they tested the rate of transfer of the oligosaccharides from 
the Dol-P-P derivative to protein at  equal concentrations of the donors, they found that 
the oligosaccharides containing glucose were transferred to endogenous protein about 
eight times faster. 

Transfer is much faster with dolichyl diphosphate G-oligosaccharide containing three 
glucoses than with the corresponding compound with only one or two glucoses. Thus, 
Staneloni et allo3 carried out the transfer reaction to endogenous protein and then 
examined the unreacted products by paper chromatography. It was observed that only 
the compound containing three glucoses disappeared (Figure 10). In a control without 
Mn++ in which no transfer to protein occurred, there was no disappearance of the G3- 
oligosaccharide. 

The presence of the peripheral mannose residues of G-oligosaccharide does not seem 
to be necessary for transfer from the dolichyl derivative to protein. Thus treatment of 
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dolichyl diphosphate G-oligosaccharide with a-mannosidase did not decrease the donor 
activity as compared with the untreated compound. In contrast, treatment with 
a-glucosidase decreased activity drastically. 

A dolichyl derivative detected in Thy-1-E mutant of mouse lymphoma cells, which is 
like dolichyl-G-oligosaccharide but of smaller size, containing 3 glucoses, only five 
mannoses, and two N-acetyl-glucosamine, was found to be transferred to endogenous 
protein.12’ 

C. Acceptor Proteins 
Tests carried out with native exogenous protein acceptors usually have been negative, 

but some successes have been reported. Eagon et al.,’” found that a carbohydrate-free 
form of Kappa-type immunoglobulin light chain synthesized by mouse myeloma tumor 
MOPC 46 was glycosylated by the enzyme system of the same tissue. Several proteins 
could be glycosylated when added in denatured forms. Pless and Lennarz122 tested some 
sulfitolysed proteins based on the finding of Tarentino et that endo-P-N- 
acetylglucosaminidase H acted on the oligosaccharide of ovalbumin only after 
sulfitolysis. Ovalbumin, a lactalbumin, and ribonuclease A after sulfitolysis acted as 
oligosaccharide acceptors from a dolichyl diphosphate oligosaccharide, while other 
proteins which did not have the sequence Asn-X-Thr(Ser) were inactive. This confirmed 
the generalization of Marshall,124 who after examining the amino acid sequence of many 
glycoproteins concluded that a necessary condition for glycosylation is the sequence Asn- 
X-Thr(Ser), but that other factors are also involved. Hart et tested many peptides as 
acceptors using hen oviduct enzymes. They found that the above mentioned tripeptide 
was practically inactive, but became a good acceptor when substituted in both terminals. 
One of the best acceptors was the tripeptide N-acetyl-Asn-Leu-Thr-N-CHs. 

Various sythetic peptides were tested by Ronin et a1.125’126 A tripeptide H-Asn-Ala- 
Thr-NHz was found to be used as acceptor in a system containing mannose-labeled 
dolichyl diphosphate oligosaccharides and pig thyroid rough microsomes, but it gave the 
lowest V,,,/ Km ratio of the peptides tested. The best substrate was the hexapeptide H- 
Tyr-Gln-Ser-Asn-Ser-The-Met-NH2, which is found in porcine ribonuclease. Another 
good substrate was the DNP-hexapeptide from thyroglobulin: DNP-Ala-Leu-Glu-Asn- 
Ala-Thr-Arg-NH 2. 

The oligosaccharide-transferring enzyme from hen oviduct was solubilized and 
purified 2000-fold by adsorption to an  a-lactalbumin Sepharose column and elution by 
removal of divalent cation.126a The purified enzyme had an  absolute requirement for 
Mn” (Mg” was 30% as effective), was completely dependent on an exogenous acceptor 
and had a pH optimum between 7 and 7.5. 

D. Studies on Protein Glycosylation in Intact Cells 
Some studies on the site of subcellular glycosylation have been carried out with labeled 

sugars. M e l ~ h e r s ’ ~ ~  incubated plasma tumor cells (BALB mice MOPC46) with labeled 
monosaccharides and then separated the different organelles. The myeloma protein 
associated with the rough endoplasmic reticulum contained glucosamine and mannose, 
traces of galactose, and no fucose. The myeloma protein associated with the smooth 
endoplasmic reticulum contained as much mannose and glucosamine as the completed 
secreted form, but only half the amount of galactose and traces of fucose. The conclusion 
was that sugar residues are added stepwise at different subcellular sites. 

Other experiments showed that glucosamine and mannose are incorporated soon after 
translation, but more glucosamine also is added later in the Golgi apparatus.I2* 
Incorporation of galactose in the Golgi has also been detected by r a d i ~ a u t o g r a p h y . ~ ~ ~  

Experiments on the synthesis of thyroglobulin have been carried out on thyroid slices. 
It is known that at first, subunits of 3-8 S and 12 S are formed, and that they then 
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aggregate to form intermediates of 17-18 S, which are finally iodinated to yield 
thyroglobulin (19 S). After incubating rat thyroid slices with labeled leucine and either 
mannose or  galactose, these were found to become incorporated at the same time in the 
3-8 S and 12 S precursor, but galactose only appeared later in the 17-18 S precur~or . ’~’  
Fucose was found to  behave like galactose and is incorporated in the Golgi apparatus.13’ 
The latter conclusion also has been reached by r a d i o a ~ t o g r a p h y . ” ~ ~ ” ~  

Studies on rat thyroid with labeled N-acetylmannosamine as precursor showed that 
the label appeared in the 19 S precursor and that 86% was sialic All these results 
agree with the fact that galactose, fucose, and sialic acid are incorporated in the Golgi 
membranes. 

E. Subcellular Localization 
All the evidence available indicates that transfer to  protein occurs on nascent 

polypeptides. M e l c h e r ~ ’ ~ ~  studied the kinetics of sugar incorporation in immunoglobulin 
G1 secreted by mouse plasma cell tumor MOPC21 and found that it occurs while the 
polypeptide chain is still attached to  the ribosomes. Similar results have been obtained by 
following the attachment of N-acetylglucosamine and mannose containing oligosac- 
charide to ovalbumin. 1 3 6  The sugars were incorporated to the nascent chain of ovalbumin 
when it was still attached to the rough endoplasmic reticulum. Experiments on the in 
vitro synthesis of virus proteins in a system containing crude wheat germ showed that 
when the G protein of vesicular stomatitis virus was translated from the corresponding 
messenger RNA, it was not glycosylated, and still had the signal sequence at the amino 
terminal.I3’ If pancreatic microsomal membranes were added before starting the 
translation, the resulting G protein had oligosaccharides and lacked the signal sequence. 
The membranes had to  be added before the polypeptide was 70 amino acids long in order 
to obtain the correct insertion in the membrane and glycosylation. Detergent (Triton X- 
loo@) was found to  inhibit the glycosylation. If  i t  was added before the polypeptide was 
150 aminoacids long, protein G was not glycosylated. If  the polypeptide had more than 
150 and less than 400 amino acids, the resulting protein G had only one oligosaccharide. 
If the peptide was larger than 400 when detergent was added, the protein G had two 
o l i g o s a ~ c h a r i d e s . ~ ~ ~  It  seems, therefore, that the two oligosaccharides are added 
sequentially, while the polypeptide transverses the membranes. The glycosylation of 
placental peptide hormones has been found to be catalyzed by both rough and smooth 
m i c r o ~ o m e s . ’ ~ ~  The activity of some of the enzymes of the dolichol pathway has been 
determined in the rough and in the smooth microsomes. The enzyme that catalyzes 
transfer to  protein from dolichyl diphosphate G-ol igo~accharide,’~~ or from lower 
homologues without g l~cose , ’~ ’  was found to  be present both in rough and smooth 
microsomes, and also in cell membranes of retic~locytes.’~’ On the other hand, the 
transferring activity with GDP-[’4C]mannose as donor and endogenous or exogenous 
acceptor (S carboxymethylated (Y lactalbumin) showed a higher activity in the rough 
membranes.’42 The formation of some of the lipid intermediates was also higher in the 
rough fraction. 

VI. THE PROCESSING OF PROTEIN-BOUND OLIGOSACCHARIDES 

The Dol-P-P-G-oligosaccharide was first considered to be a curiosity since a glucose- 
containing oligosaccharide of that type had never been detected in glycoproteins. I t  was 
later found that G-oligosaccharide could be transferred to protein, and soon after 
evidence was presented showing that Dol-P-P-G-oligosaccharide was a donor for the 
glycosylation of some or perhaps all the N-glycosylated glycoproteins. Once transferred 
to protein, the oligosaccharide loses its glucoses and may be processed to yield 
saccharides of the high mannose or complex type. 
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The liberation of glucose during the transfer of G-oligosaccharide to protein was 
observed in the initial in vitro experiments, but its physiological role was not 
appreciated. l o *  Several groups of ~ o r k e r s ' ~ ~ - ' ~ ~  studied the changes of the oligosac- 
charide which follow transfer from lipid to protein. 

A. Experiments with Virus-Infected Cells 
In some experiments, use has been made of virus-infected cells which synthesize only 

the virus glycoprotein but use the host's saccharide-synthesizing machinery. S e f t ~ n ' ~ ~  
compared the size of the lipid- and protein-bound oligosaccharides at  different times 
after administration of [3H]mannose to Sindbis virus-infected cells. After short 
incubation times (50 sec), the labeled glycopeptides were as large or larger than the high 
mannose glycopeptide (S4) of the Sindbis virus - that is, no smaller intermediates were 
detectable as expected if synthesis occurred by successive addition of monosaccharides. 
On the other hand, the oligosaccharides linked to lipid appeared as several compounds of 
different sizes, and the largest increased with time a t  the expense of the smallest as if 
synthesis occurred on the lipid-linked oligosaccharide. These experiments were 
consistent with the idea that oligosaccharides are transferred to  protein after assembly on 
a lipid intermediate. However, evidence on the trimming required direct comparison of 
the protein and lipid-linked saccharides. 

It may be mentioned that S e f t ~ n ' ~ ~  also observed that the viral glycoproteins 
synthesized during glucose starvation lacked oligosaccharides or had some abnormal 
ones. This observation was similar to that of K a l ~ z a , ' ~ '  who found that the 
electrophoretic mobility of the glycoproteins synthesized by cells infected with Semliki 
Forest virus was greater when growth took place in glucose-free medium. 

Robbins et al.'44 gave pulses ['Hlmannose and ['?3] methionine to embryonic cells 
infected with vesicular stomatitis virus and examined the proteins by polyacrilamide gel 
electrophoresis, with or without previous treatment with endo-P-N-acetylglucosamini- 
dase H. All the protein-linked oligosaccharides formed initially were released by endo-b- 
N-acetylglucosaminidase H, but during a chase period the glycoproteins became 
increasingly resistant to the enzyme. This is as if the oligosaccharide formed initially 
belonged to the high mannose type, and progressively became of the complex type. In 
other experiments the G-oligosaccharide was released from the dolichyl diphosphate by 
mild acid hydrolysis and treated with endo-p-N-acetyl glucosaminidase H; the product 
was then compared by gel filtration with the oligosaccharide released from the 
glycoproteins. After a short pulse (2.5 min) of ['Hlmannose, the oligosaccharide released 
from the glycoproteins was nearly the same size as the G-oligosaccharide, but as time 
passed the size decreased progressively. Similar results were obtained with Sindbis virus- 
infected chick embryo fibroblasts. From these results Robbins et al.'44 proposed that 
glycosylation of asparagine residues occurs by transfer of a common oligosaccharide 
from the dolichyl diphosphate G-oligosaccharide to proteins. Following the transfer the 
oligosaccharide would be processed to give the high mannose or  complex 
oligosaccharides. 

Careful investigation of the processing of the protein-bound glucose containing 
oligosaccharide was carried out by Tabas et al.14' Their results and conclusions greatly 
clarified the events leading to the formation of the N-bound oligosaccharide of proteins. 
The general technique used in these experiments consisted in measuring by gel filtration 
the size of the oligosaccharides from vesicular stomatitis virus-infected cells labeled with 
['Hlmannose for a short time or after pulse-chase for different periods of time. The 
oligosaccharides were re!eased- by endo-P-acetylglucosamindase CII from Cfostridum 
perfringens (Table 1). It was found that the processing of the oligosaccharide begins 
immediately after the transfer of the oligosaccharide to protein. After 30 min the 
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oligosaccharide had been transformed into a protein-bound pentasaccharide. The outer 
sugar residues (GlcNAc, Gal, sialic acid) were then added. 1 4 3  

Similar results were reported by Hunt et al.145 They gave pulses of [3H]mannose to 
HeLa cells infected with vesicular stomatitis virus and observed that the protein-bound 
oligosaccharides which were labeled initially had seven to nine mannoses. After some 
time only three mannoses were found, and complex type oligosaccharides appeared. 

Experiments were carried out by Kornfeld and c o - ~ o r k e r s ' ~ ~  with vesicular stomatitis 
virus-infected C H O  cells labeled with radioactive mannose or galactose. The 
glycopeptides were obtained by treatment with pronase and isolated by gel filtration. The 
oligosaccharides were released from the glycopeptides with the endo-P-N-acetyl- 
glucosaminidase CII. They were then reduced with NaBH4 and subjected to paper 
chromatography in n-butanol pyridine water (4:3:4). Each oligosaccharide was then 
subjected to acetolysis, methylation, and (Y mannosidase treatment t o  determine its 
structure. After 20 to 30 min of labeling, Glcl Mans GlcNac2 and Man9 GlcNacz were the 
major processing intermediates. There were also small amounts of Mans GlcNac2 and 
Man, GlcNacz and trace amounts of Glc2 Man9 GlcNac2 and Man6 GlcNac2. These 
results show that a few minutes after transfer, the processing of the oligosaccharide 
begins with the removal of two to three glucoses residues. At 20 to 30 min, all the glucose 
is removed and the high mannose intermediate is then rapidly processed to give the Man3 
GlcNAcz core. 

The scheme shown in Figure 1 1 has been proposed by Kornfeld et a1.I4' for the changes 
which occur in the formation of complex oligosaccharides. The G-oligosaccharide A 
loses glucose to give B, which has nine mannoses. An (Y 1-2 manosidase would then 
remove four mannoses, leaving oligosaccharide C which has an a 1-3 and an  a 1-6 
mannose residue. This is the compound which accumulates in clone 15 B cells which lack 
N-acetylglucosaminyl transferase 1 (see Section VI. C.) The next step is the addition of an  
N-acetylglucosamine residue to give oligosaccharide D, after which two mannoses are 
removed to give E. The following steps are the addition of more N-acetyl-glucosamine, 
fucose, galactose, and sialic acid to give the complex oligosaccharide. 

148 

B. Experiments With Noninfected Cells 
Tabas et al.143 examined the changes in the oligosaccharides in LPCl mouse 

plasmocitoma cells that synthesize the oligosaccharide joined to the heavy chain. After a 
12 min incubation with [3H]mannose, the intracellular immunoglobulin G was 
immunoprecipitated and the glycopeptides were prepared with pronase. The product 
obtained was of the high mannose type, as judged by the fact that it was hydrolyzed by 
endo-P-N-acetylglucosaminidase GI, whereas the glycopeptide obtained from the 
immunoglobulin G secreted into the medium was not acted upon - that is, it appeared to 
be of the complex type. Its behavior when treated with P-galactosidase, endo-P-N- 
acetylglucosaminidase and CY mannosidase confirmed this assumption. Therefore it 
seems that processing also occurs in the formation of immunoglobulin G ,  which is a 
soluble protein, in contrast to those of the viruses, which are membrane-bound. 

Staneloni and Le10ir'~' incubated thyroid slices with ['4C]-glucose, and liberated the 
oligosaccharides from protein by treatment with alkali and borohydride. The 
oligosaccharides found were about four hexose units smaller than the G-oligosaccharide 
and had traces of glucose. These results are consistent with the existence of a trimming 
process. 

C. Mutant Cells 
The use of mutant cells has already yielded interesting results and will surely yield 

many more in the future. Some mutants have been produced by treating cells with a 
mutagenic agent and then selecting them for resistance to lectins. 
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Man& 1-2Man o< 1-6 
Man& 1-2Manoc 1-3 

Glc ~ l - 2  Glcocl-3 Glcoc 1 - 3 M a n ~  1-2 Man o( 1-2 
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E B  Manocl-2 Manoc 1-6 

Manotl-2 ManDc 1-3 

Manocl-2 Man& 1-2 
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FIGURE I I ,  
f rom G-oligosaccharide. The large E represents the core,  as  described in Figure 1. 

The pathway of formation of a protein-bound complex oligosaccharide 

Trowbridge and Hyman’” found that certain cells (Class E, Thy-1 negative mouse 
lymphoma) obtained by immunoselection are unable to synthesize Dol-P-P-G- 
oligosaccharide, and have a smaller lipid-linked oligosaccharide than the parent 
lymphoma cells. 

The structure of this oligosaccharide was determined by Chapman et al.’51 and found 
to be the same as that of the G-oligosaccharide, but lacking the four mannoses joined to 
the (Y 1-6 mannose of the core. The lymphoma mutant has been found to lack the enzyme 
responsible for the formation of Dol-P-Man, which seems to  be the donor for the 
addition of the sixth and probably the rest of the mannose~.’~ 

The five-mannose-containing compound formed by transfer from GDP-Man can then 
accept three glucoses, as does Go-oligosaccharide. It is believed that in normal cells the 
pathway going through Dol-P-P-Glc3 Mans GlcNAcl oligosaccharide is a minor one in 
relation to that which goes through the G-oligosaccharide derivative. Normal cells have 
been found to contain lipid-linked GlcsManSGlcNAc2 and, furthermore, its oligosac- 
charide moiety can be transferred to protein by normal cell enzymes.”’ 

This is additional evidence showing that the glucoses are necessary for transfer t o  
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protein. Once bound to protein the Glc~Man~GlcNAc~-oligosaccharide is processed and 
gives rise to oligosaccharides of the complex type. This process was studied by Kornfeld 
et a1.l” by performing pulse-chase experiments on vesicular stomatitis virus-infected 
lymphoma mutant cells using tritium-labeled mannose. The protein-bound oligosac- 
charides were then released with endo-P-N-acetylglucosaminidase D or with alkali- 
borohydride, and the structure of some of them was determined. The major protein- 
bound intermediates were: Glc MansGlcNAcz, ManSGlcNAcz, Man4GlcNAc2, and 
Man3GlcNAc2. They all had the structure expected for degradation products of 
Glc3MansGlcNAc2 oligosaccharide. 

The processing which is shown in Figure 12 therefore is similar t o  that of the 
G-oligosaccharide in that theglucoses are removed first, but is different in the mechanism 
of addition of N-acetylglucosamine. In the GlC3MansGlcNAcz oligosaccharide pathway, 
N-acetylglucosamine is added to the three mannose compound, whereas as  mentioned 
before in the G-oligosaccharide scheme, N-acetylglucosamine is added to a compound 
with five mannoses (Figure 1 I ) ,  and then two mannoses are removed to form the acceptor 
for the next N-acetylglucosamine. The removal of the two mannoses by a mannosidase 
before N-acetylglucosamine transfer, in the G-oligosaccharide pathway, is not necessary 
in the Glc3ManSGlcNAcz. The steps which follow, addition of galactose, sialic acid, and 
fucose, would be the same in the two schemes. 

N-acetylglucosaminyl transferase I can use as substrate both the mannose3 and the 
mannose5 peptides.152 Thus the enzymes of normal and mutant cells are all the same, 
except that the mutant does not form Dol-P-Man and cannot add the four mannoses to 
the a 1-6 linked mannose of the core. 

A comparison of the protein-bound oligosaccharides of purified vesicular stomatitis 
virus grown in parent and in mutant cells did not reveal any difference.I2’ After treatment 
with neuraminidase, the glycopeptides behaved the same when submitted to Gel 
filtration, Concanavalin A-Sepharose separation, and methylation analysis. It was 
concluded that the vesicular stomatitis virus glycoprotein grown in the mutant cells 
contained complex type oligosaccharides that were very similar or identical with those 
found in the parent lymphoma cells. However, the glycopeptides of several cell surface 
proteins of the mutant had smaller high mannose oligosaccharides than those of the 
normal c o ~ n t e r p a r t . ’ ~ ~  It seems, therefore, that whereas no changes can be detected when 
the cells make complex type oligosaccharides only, there is a difference under conditions 
in which the high mannose are also synthesized. 

A mutant (clone 15 of C H O  cells) selected for resistance to r i ch  has been found to lack 
N-acetylglucosamine transferase I (see Section VI.E.3.) .  Its membrane oligosaccharides 
are deficient in sialic acid, galactose, and N-acetylglucosamine. 

D. The Pathway to the High Mannose Oligosaccharides 
There is evidence indicating that the oligosaccharides of the high mannose type arise by 

transfer of G-oligosaccharide from dolichyl diphosphate derivative to protein. A high 
mannose oligosaccharide with a structure identical to the G-oligosaccharide but without 
the glucoses has been isolated from calf thyroglob~lin.~’ Its structure is shown in 
Figure 2D. It seems obvious that in this case the precursor should be the G-oligosaccharide. 
The G-oligosaccharide can be transformed, a t  least on paper, into any of the other high 
mannose saccharides shown in Figure 2. It has been mentioned previously that a 
lymphoma mutant which does not form dolichyl G-oligosaccharide, forms instead a 
compound having five mannoses, and that when these lymphoma mutants were infected 
with Sindbis virus the glycoproteins formed contained smaller high mannose 
oligosaccharide than the Sindbis-infected nonmutant 1ymph0ma.l~~ This is another 
indication that dolichyl diphosphate oligosaccharide is the precursor of the high 
mannose oligosaccharides. 
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Glc 1-2 Glc 1-3 Glc 1-3 Manoc 1-2 Piano< 1-2 E 
i 

G IC NAC g 1-2 f 
i GlCNAc p 1-2 

GlC NAc g 1-2 

4 
E S A M  2-3 Gal Q 1-4 GlcNAc p 1-2 

SAM 2-3 Gal 1-4 GlcNAcp 1-2 

FIGURE 12. The formation of a complex 
oiigosaccharide from protein-bound Glcl Man5 
GlcNAc2 in lymphoma mutant cells. The large E 
represents the core, as described in Figure 1 .  

E. Studies on Isolated Enzymes 
The study of the enzymes involved in the processing of the oligosaccharides has only 

started. One of the difficulties is that most of these enzymes are membrane-bound, and 
that methods for the purification of this type of proteins are not adequately developed. 

1. Glucosidases 
In the first experiments on the transfer of G-oligosaccharide from the dolichyl 

diphosphate derivative to protein, it was observed that glucose was liberated, and that the 
amount was higher under conditions which led to maximal transfer.lo8 This was a n  
indication of the presence of glucosidases acting on protein-bound G-oligosaccharide. 
Since the latter is not a n  easily available substrate for glycosidase estimation, either free 
or peptide-bound labeled G-oligosaccharide have been used. The radioactive glucose 
liberated has been measured after separation by paper chromatography or after 
phosphorylation with hexokinase and ATP followed by passing through an  anion 
exchange resin. In liver extracts most of the activity was found in the microsomal fraction 
and could be detected using oligosaccharide, either free or combined with dolichyl 
diphosphate or with a ~ e p t i d e . ’ ~ ~  Active preparations also have been obtained from hen 
oviduct and from thyroid glands.’” 

Measurements on the glucosidase activity on the separated GI-, Gz-, and G3-oligosac- 
charides have shown that at  least two different enzymes are involved - one that acts on 
G3-, and another acting on Gz- and G I-oligosaccharides.’56~’s’~~oo 

Ugalde et a1.158 separated two liver microsomal enzymes by differential extraction. 
With a nonionic detergent (Nonidet P-40@) the glucosidase active on G I -  and 
G2-oligosaccharide was extracted and on increasing the ionic strength (160 m M  
phosphate buffer) the enzyme acting on G3-oligosaccharide could be solubilized. The 
properties of the two enzymes were clearly different. The glucosidases seem to be 
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localized on the cisternal side of the microsomal vesic1es.ls6 This was deduced from 
experiments in which the microsomes were treated with proteases. 

Oligosaccharides treated with a rnannosidase so as to remove the peripheral mannoses 
were found to be poorer substrates for the g l u c ~ s i d a s e s . ’ ~ ’ ~ ’ ~ ~  The action of several 
disaccharides have been tested on the different glucosidases.”’ It was found that 
1 m M  kojibiose (glucosyl a 1-2 glucose) inhibits 91% the hydrolysis of the most external 
glucose which is joined by a 1-2 linkage. Nigerose (glucosyl a 1-3 glucose) and maltose 
(glucosyl cy 1-4 glucose) inhibit the action of the glucosidase which hydrolyses the two 
internal glucoses which are linked 1-3. 

Other disaccharides such as sophorose (glucosy1P 1-2 glucose) and cellobiose (glucosyl 
P 1-4 glucose) were found to  be inactive. Glucose at 8 m M  inhibited 40, 30, and 0% the 
glucosidase activity on GI-,  G2-, and G3-oligosaccharides, respectively. 

The action of kojibiose also was tested on protein-linked G3-oligosaccharide as 
substrate, and the result was an inhibiton of glucosidase activity.”’ This is an  indication 
that the same enzyme acts on the free and on the protein-bound oligosaccharide. 

Contradictory evidence has been obtained with p-nitrophenylglycosides. Some 
workers found no inhibi t i~n,’’~ others reported that the a isomer, but not the S, inhibited 
the hydrolysis of the internal glucose.’s7 Scher and WaechterI6’ reported that p-nitro- 
phenyl-S-glucoside inhibited the hydrolysis of G-oligosaccharide more than the a 
anomer. Ugalde16’ measured the action of the above mentioned compounds on the 
hydrolysis of glucose from Gz- and G3-oligosaccharide and confirmed that the p 
glucoside inhibits G3-oligosaccharide hydrolysis more than the a. This can be taken as 
evidence in favor of the P configuration of the glucose of G3-oligosaccharide, but all the 
other facts are more in favor of an  cy configuration. The effect of p-nitrophenylglucoside 
on the enzyme acting on Gz-oligosaccharide is different since only the a anomer produces 
inhibition. This agrees with the results of the inhibition by the a-linked disaccharide. 

2. Mannosidase 
After the G-oligosaccharide joined to protein loses its three glucose residues, it may be 

trimmed further by specific a mannosidases (Figure 11). 
Touster et al.162*163 purified an  a mannosidase obtained from rat liver Golgi 

membranes. The purification was followed by measuring the activity with p-nitrophenyl 
a! D-mannoside, but the enzyme was also active on oligosaccharides containing a! 
I-2-linked mannose. It may be pointed out that Go-oligosaccharide has four external a 1- 
2 mannose residues. 

A liver Golgi mannosidase was also purified by Tabas and K ~ r n f e l d , ’ ~ ~  and they 
measured its activity on oligosaccharides containing 9, 8, 7, 6 ,  and 5 mannoses. These 
oligosaccharides were obtained by treatment of the glycopeptides with endo- P-N- 
acetylglucusaminidase CH. All those that contained cy 1-2 mannoses were good substrates 
but the five mannose compound (which did not contain a 1-2 linkages) was not 
hydrolyzed. Analysis of the intermediate products obtained by the action of the enzyme 
on Go-oligosaccharide led to the conclusion that the order of removal of the mannoses 
was as shown in Figure 13. 

The first residue removed could be that marked 1 o r  2, but the sequence of removal of 3 
and 4 was specific and different from that found in the processing of the C H O  cells 
infected with vesicular stomatitis Golgi mannosidases active on the a 1-3 and a 
1 -6-linked mannoses have also been detected.16’ 

3. N-acetylglucosarninyl Transferases 
Two different transferases with different specificities have been described which are 

referred to as I and II.IS2 Tfansferase I from bovine colostrum was purified by Harpaz 
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0 
M a w  1-2 ManM 1-6 I 

t @ Man o( 1-2 Man MI-3 

Man o( 1-2 Man% 1-2 I 

FIGURE 13. Order of removal of the mannose resi- 
dues df G-oligosaccharide bound to protein. T h e  large E 
represents the core as described in Figure I ,  

and Schachter166 and its action on different substrates was studied. They found that the 
enzyme can transfer N-acetylglucosamine to  several glycopeptides obtained from 
ovalbumin and immunoglobulin G. The best substrate (Km = 0.12 mM> was the five- 
mannose-containing compound shown in Figure 14A. If the a 1-3 mannose is substituted 
with a p 1-2 N-acetylglucosamine (Figure 14C), the enzyme can transfer another 
N-acetylglucosamine on the (Y 1-6 mannose. However, the affinity for this substitute is 
much lower (Km = 10 mM). The presence of fucose on the internal N-acetylglucosamine 
does not affect the activity. 

In a variant line of CHO cells and in clone 15 selected for resistance to  
phytohemaglutinin and to  ricin, respectively, transferase I is lacking and protein-bound 
oligosaccharide A of Figure 14 is not processed further. 

The addition of N-acetylglucosamine can be considered to be the signal for (Y 

mannosidase to remove the two mannoses from the a 1-6-linked mannose residue of the 
core.165 Direct evidence for this was obtained by incubation of CHO cell extracts with 
labeled MansGlcNAcz peptide and U D P - G ~ C N A C . ’ ~ ~  It was found that the release of 
mannose occurred only when UDP-GlcNAc was present. 

Transferase I1 catalyzes the addition of N-acetylglucosamine to oligosaccharide C of 
Figure 14 with Km = 0.1 mM. As mentioned before, transferase I can also catalyze this 
reaction, but with a Km 100 times higher. 

Another transferase (111) has been postulated to catalyze the transfer of 
N-acetylglucosamine forming a p 1-4 linkage on the p 1-4-linked mannose of the ~ 0 r e . I ~ ’  
This structure is found in some ovalbumin glycoproteins (see Figure 3). 

Information is lacking on the transferases responsible for the introduction of the 
additional N-acetylglucosamines in tri- and tetraantenary compounds. 

4. Fucosyl Transferases 
Several enzymes which catalyze the transfer of D-fucose from GDP-fucose have been 

detected. These are of two types: one for which the acceptor is a galactosyl residue, and 
another for which it is N-acetylglucosamine. An a 1-2 fucosyltransferase of the first type, 
which transfers to galactosyl residues, has been found in porcine submaxillary glands and 
is partially purified.I6* 

An enzyme present in human milk catalyzes the incorporation of fucose in a 1-3 
linkage to acceptors that have following sequence Gal p 1-4 GlcNAc-R to produce 
Gal p 1-4 (Fuc a 1 - 3 ) G l ~ N A c - R . l ~ ~  

Another fucosyl transferase found in liver microsomes catalyzes transfer to the most 
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Man 

Man Man e l - 4  Glc~Ac$l-4GlcNAc(3-Asn A 
k l - 3  I 

ndn 

Man 
\Q 1-6 I N-acetylqlucosarnin yl 

transferase I 

8 
+ ‘Man 

Man A.3 k a n a  1-4 GIcNAc(31-4GlcNAcp-Asn 

o( Mannosidase 
A 1  -3 

GlcNAcp 1-2Han 

C 
Man 

Y g a n p l - 4  Glc NAcp 1-4 Glc N Ac Q - Asn 
A l - 3  

GlcNAc(3 1-2Han 

GlcNAcF, 1-2Man 
N-aret ylqlucosarnin yl 
transferase I I 

-1-6 
\Manp 14 GlcNAc (3 1-4 Glc NAc p - Asn D 
A-3 

GlcNAcg 1-2Man 

GlcNAc p 1-2Man Fucosyl transferase I FUC 

E O( 1-6 Id-6 
\Man? ./ 1-4 GkNAc (314 GlcNAc (3- Asn 

GlcNAcp 1-2Han Galactosyl t ransferase 
’ I 

Gal@ 1-4 GlcNAcFl-ZMa\ 1 Fuc 

Galpl-4 ClcNAcpl-2 Van 

SAc(2-3Gal(31-4GlcNAc~l-2Man 

F la 1.6 91-6 
Manpl-4G Ic NAcvl-4G IcNAcP - Asn 

Sialyl transferase 

Fuc 
G I lo( 1.6 

y 6 M a n p l . 4  / GlcNAcpl.4 G Ic NAcp - Asn 

A 1  -3 
SAK 2-3Gal~1.4GlcNkpl-2Han 

FIGURE 14. 
complex oligosaccharides. 

The enzymes involved in the formation of 

internal N-acetylglucosamine of human plasma LY acid g lyc~pro te in . ”~  The correspond- 
ing glycopeptide, freed from sialic acid and galactose (Figure 14D), was a good substrate. 
Removal of a n  N-acetylglucosamine (Figure 14C) also produced a good substrate, but at 
least one 0 1-2 linked N-acetylglucosamine is required for fucose transfer. This agrees 
with the fact that a CHO cell mutant lacking N-acetylglucosamine transferase I does not 
transfer fucose.”’ 

5. Galactosyl Transferases 
The transfer of galactose from UDP-galactose to position 4 of a n  N-acetylglucosamine 

residue is catalyzed by the 1-4 galactosyl-transferase, which was purified from human 
and bovine milk.’72’’73 It is well known that theenzyme will useglucose as acceptor, in the 
presence of LY lactalbumin, and N-acetylglucosamine in its absence. In the first case the 
product is lactose and the second acetyllactosamine (galactosyl 0 1 4  N-acetylglucosamine). 
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Combined N-acetylglucosamine residues are also used as substrates (Figure 14E). It also 
is known that this occurs not only with the mammary gland enzyme but with those of 
liver and other tissues.'74 

What is not so well known is how many transferases are involved in the different 
catalytic processes and their specificity. Besides the p 1-4-linked galactose, some p 1-3 
linkages have been detected in oligosaccharides linked to a ~ p a r a g i n e . " ~ ~ ~  

6. Sialyl Transferases 
The transfer of sialic acid from C M P  sialic acid is a process which has received 

considerable attention. Many sialyl transferases acting on different acceptors have been 
described. I7'-I7' 

A sialyl transferase from bovine colostrum has been purified 400,000 times.176 It 
catalyzes the incorporation of sialic acid in the sequence SA a 2-6 Gal /3 1-4 GlcNac-R 
(Figure 14G). As mentioned before this sequence is found in many complex type 
oligosaccharides (Figure 4). Beyer et al.17' have studied the addition of different 
monosaccharides, which purified enzymes, to different acceptors prepared from human 
asialotransferrin and antifreeze protein. The enzymes used were three sialyl transferases, 
two fucosyl transferases, and an N-acetyl-glucosaminyl transferase. It was concluded 
that the final product formed depended not only on the type of enzymes present, but also 
on the order of addition. 

VII. DISTRIBUTION OF T H E  DOLICHYL PHOSPHATE PATHWAY 

The protein glycosylating mechanism involving dolichyl derivatives seems to be 
present in most or perhaps all eukaryotic cells. It has been detected in animals, insects, 
plants and fungi. 

A. Insects 
Some of the intermediates of the dolichyl phosphate pathway have been found in 

insects and it seems likely that the whole scheme is applicable. The insects investigated 
were the Mediterranean fruit fly (Ceratiris capitara) and the Chagas disease vector 
Triatoma infestans. A compound having the properties of dolichyl phosphate was 
detected as well as the in vitro formation of dolichyl phosphate glucose, dolichyl 
phosphate mannose, and of lipid-linked N-acetylglucosamine and N,N'di-acetyl- 
chitobiose.'80''81 A substance similar or identical to dolichol also was isolated and found 
to behave as if it had 17 to 18 isoprene residues. 

B. Plants 
Progress in the study of glycoprotein biosynthesis in plants has been slower than in 

mammalian t i s s ~ e s . ~ ~ , " ~  The formation of several of the dolichyl derivatives present in 
animal tissues has been detected using enzymes from cotton  fiber^,''^ Phaseolus aureus 
seedlings, or h y p o ~ o t y l s l ~ ~ ~ ' ~ ~  and pea seedlings.63 

Lipid-bound oligosaccharides containing N-acetylglucosamine and four to eight 
mannoses have also been detected.IE6 As with animal enzymes,, tunicamycin has been 
found to inhibit the formation of dolichyl diphosphate N-acetylglu~osamine.~'~ The 
formation of dolichyl diphosphate G-oligosaccharide by plant material with the 
procedure used for animal tissues has given negative results. This procedure consisted of 
incubating microsomes with labeled UDP-Glc or Dol-P-Glc in order to obtain the 
transfer of radioactive glucose to an  endogenous acceptor. However, experiments with 
alfalfa root segments incubated with radioactive glucose allowed the detection of a 
compound having the properties of dolichyl diphosphate G-oligosaccharide.'" Paper 
and column chromatography, alkaline deacylation, specific glucosidases, and total 
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hydrolysis gave the same results for the compounds from plant and animal origin. The 
yield of dolichyl diphosphate G-oligosaccharide from plants was very low, and this may 
explain the difficulties in its detection. 

Some polyprenyl intermediates have been detected in algae. The formation of dolichyl- 
P-glucose, dolichyl diphosphate glucose, and some related compounds by Prototheca 
zoopfli has been studied, as well as their role in cellulose b i o ~ y n t h e s i s . ’ ~ ~  In extracts of 
another algae, Volvox carteri F. nagariensis, several lipid intermediates were detected. 
The formation of Dol-P-Glc was particularly rapid.’” 

C. Yeast 
The glycoproteins of yeast have similarities with those of animal tissues but there are, 

however, some important differences. Yeast does not contain sialic acids and therefore it 
has no oligosaccharides of the complex type. Furthermore, it has saccharides of the high 
mannose type but with a much higher mannose content. 

Studies on the glycosylation mechanism have progressed considerably. A transfer of 
mannose to serinelthreonine residues of yeast protein was found years ago to  be 
mediated by dolichyl phosphate mannose. Only one mannose residue is transferred by 
this mechanism, but the first residue may serve as acceptor for more residues transferred 
from GDP-Man, resulting in the formation of di-, tri-, and tetra-mannosyl residues 
linked CY 1-2 and CY 1-3.’91-103 Besides this process of serine glycosylation, there is another 
one which leads to  the transfer of oligosaccharide to asparagine residues. 

There are many polymannose-containing proteins in yeast which apparently have a 
core very similar or identical to the G-oligosaccharide. The saccharide moieties of these 
mannoproteins are of different sizes. Carboxypeptidase Y of yeast contains 4 
oligosaccharide chains, each composed of 2 N-acetylglucosamines and about 13 
mannose r e s i d ~ e s . ’ ~ ~ ’ ’ ~ ’  The biosynthesis of carboxypetidase Y is perturbed by 
tunicamycin, which is known to inhibit dolichyl diphosphate N-acetylglucosamine 
synthesis and consequently glycosylation through the dolichyl diphosphate G-oligo- 
saccharide mechanism. Another mannoprotein is yeast invertase which contains about 
50% of carbohydrate, mainly mannose. Endo-P-N-acetylglucosaminidase H releases 
polysaccharide chains of two classes, one of about 26, and another of 52 mannose 
residues.’94 Yeast alkaline phosphatase is also a m a n n ~ p r o t e i n l ~ ~  and its carbohydrate 
moiety is released by endo-P-N-acetylglucosaminidase H. The synthesis of the enzyme is 
not depressed by tunicamycin, but the result is the formation of a carbohydrate- 
free form. 

Many studies have been carried out on yeast mannan which is a mannoprotein. The 
polysaccharide residue consists of a core portion and an outer chain built up on a 
mannose a 1-6 chain and carrying mannosyl a 1-2 and a 1-3 substituents and totaling 100 
to  150 residues. 

Many of the enzymes and intermediates present in animal tissues have been detected in 
yeast,’ and the scheme of biosynthesis of Dol-P-P-G-oligosaccharide seems to be wholly 
applicable to it. Parodi 104’197 isolated Dol-P-P-G-oligosaccharide from yeast and 
compared its properties with the animal counterpart. The oligosaccharide had the same 
mobility in paper chromatography, gave a compound with two positive charges on 
alkaline treatment, and contained mannose and glucose. Transfer of the oligosaccharide 
to protein was observed to occur only, or a t  least much faster, with Dol-P-P-G3- 
oligosaccharide than with compounds with one or two g1uc0ses.l~~ In some experiments 
yeast was given a pulse of glucose and the protein-bound oligosaccharides were examined 
after different times.’99 Liberation of the oligosaccharides from the glycoproteins was 
carried out by treatment with alkali-borohydride, and the products were chroma- 
tographed on paper. The oligosaccharides first decreased in size, and then increased as if 
first the glucoses, and at the most one mannose, were removed. Afterwards mannoses 
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were added to the trimmed oligosaccharide. Besides experiments with wild type cells, 
some mutants which synthesize an  incomplete mannan were examined. Mutants carrying 
the mnnl  mutation, which are known to be devoid of terminal (Y 1-3 mannose residues in 
the outer chain and inner core of mannan, were found not to add a 1-3-linked mannoses 
to the oligosaccharide after it became protein bound and lost the glucoses.’98~199 

D. Other Fungi 
The formation of lipid intermediates has been detected in various fungi -for instance, 

extracts of Neurospora crassa2O0 Aspergillus niger,201 and Dictyostelium discoideum202 
have been found to catalyze the transfer of mannose to  lipid in the presence of divalent 
cations. 

E. Protozoa 
Cell-free extracts from Tetrahymena pyriformis catalyze the transfer of glucose from 

UDP-glucose to an  endogenous acceptor yielding a compound similar o r  identical to 
dolichyl phosphate glucose. The latter compound can then serve as  donor to a n  
oligosaccharide lipid and to  g l y c o p r o t e i n ~ . ~ ~ ~  

VII. FINAL COMMENTS 

The knowledge that has accumulated on the metabolism of glycoproteins will allow the 
clarification of problems which have remained obscure up to  now. One of these is the 
function of the “glyco” part of glycoproteins. More information on this problem will be 
obtained by the use of inhibitors which can interrupt oligosaccharide formation, by 
experiments with cell mutants that have blocks in glycoprotein synthesis, and with 
further studies on the role of sugars in the uptake of proteins by cells. 

Some inhibitors that act specifically on protein glycosylation have been found. The 
most well known is tunicamycin, which inhibits the formation of dolichyl diphosphate 
N-acetylglucosamine, and consequently of the lipid-linked oligosaccharide which is 
transferred to  protein. Tunicamycin, as  well as some other antibiotics, has been tested on 
many different cells and under various circumstances in order t o  find out which processes 
require glycoprotein biosynthesis. 

Experiments with cell mutants provide a powerful method for unraveling the 
biosynthetic pathways and for discovering the role of the oligosaccharide moiety of 
glycoproteins. Mutants have been selected for resistance to lectins and found to have 
alterations in their surface carbohydrates. Some of these mutants have been studied 
carefully, but the great potentialities of the method have only started to be exploited. 

Another line of work which will yield more information on the role of oligosaccharides 
consists in studies on the uptake of glycoproteins by cells. The work started with 
observations on the disappearance from the blood of proteins containing unsubstituted 
galactosyl residues and has become a very active field of research. Several different 
carbohydrate moieties have been identified as responsible for specifically directing the 
uptake of glycoproteins by certain cells. It seems that with all this information we will 
soon have a clear picture of the function of the sugar moieties of glycoproteins. 

Another aspect of glycoproteins which deserves comment is the distribution of the 
biosynthetic pathway in various living organisms. The dolichyl phosphate derivatives, as 
well as  the corresponding enzymes, have been found in many different organisms such as 
yeasts, fungi plants, and animals (including insects). They appear to be present in all 
eukaryotes. Such a wide distribution of cell constituents and reactions suggests that the 
dolichyl phosphate sugar mechanism appeared in the first eukaryotes - i.e., about 1500 
million years ago - and cannot be altered without producing profound disturbances in 
cell function. 
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