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thods have been found very useful. It should also be
pointed out that all procedures should be carried out
under conditions which are known not to alter the na-
tural state of proteins.

While earlier, purification of proteins was considered
to be almost an art, certain guidelines for this purpose
have now evolved. Prior to fractionation, it appears
best to analyze the protein preparation to be fraction-
ated by ultracentrifugation and paper electrophoresis.
The appearance of more than one compound on ultra-
centrifugation suggests, in terms of gross separation,
fractionation by gel filtration through an appropriate
Sephadex or Biogel (58). Fractionation based on solu-
bility such as by ammonium sulfate (59, 60) should also
be considered at this point. Electrophoretic hetero-
geneity suggests the use of ion exchange chromato-
graphy, isoelectric precipitation, and, if still further re-
solution is required, electrofocusing and/or preparative
disc electrophoresis. It should be noted that, when
electrophoretic homogeneity near neutrality has been
ascertained, analysis at a slightly acidic pH value should
also be carried out because certain protein preparations
which are known to appear monodisperse near neutrality,
can often be resolved into two or more components
when examined at other pH values (61). Attention
should also be paid to the distinction between hetero-
geneity as a result of the presence of different protein
entities and the occurrence of heterogeneity due to va-
riants of a protein or due to instability of a protein as
revealed by several bands or gradients (62). Although
judging from these general guidelines, it might appear
that the purification of a protein is simple and straight-
forward, it nevertheless should be pointed out that the
purification of each protein has and will present certain
new problems to be resolved.

The procedures utilized for the complete chemical
and physicochemical characterization of proteins and
glycoproteins are described in detail in ““Structure of
Proteins” (42) and “Complex Carbohydrates” (5) and
by several other authors (1, 63-67). The molecular
weight, sedimentation constant, diffusion coefficient,
partial specific volume, and chemical composition of a
large number of highly purified glycoproteins, primarily
those of human plasma, have been compiled (1, 9, 11,
47, 68-73). The following new techniques are now suc-
cessfully used for this purpose. Gas-liquid chromato-
graphy of appropriate derivatives of the monosaccha-
rides obtained after methanolysis of glycoproteins seems
to afford the most correct compositional values (74,
75). Under the experimental conditions employed, only
a minute percentage of destruction of the sugars takes
place in contrast to the considerable losses due to hydro-
lysis with mineral acids. In an intermediate procedure,
the hydrolysis is carried out with the aid of sulfonated
resins (76, 77). Excellent progress has also been made in
the gas-liquid chromatographic analysis of all common
amino acids (78, 79).
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Structural Studies

The present review deals with the structures of the glo-
bular glycoproteins only. The chemistry of the various
glycosaminoglycans was discussed earlier (80, 81).

The structural investigations of glycoproteins may be
divided into three parts, one pertaining to the primary
(amino acid and monosaccharide sequences), the other
to the secondary (conformations), and the third to the
tertiary structure of these macromolecules.

At this point it may be added that proteins and glyco-
proteins, like other high-molecular weight natural poly-
mers, are characterized by their stable structures which
result from covalent linkages (primary structures), hy-
drogen bondings (secondary structures or conformations
and interactions (electrostatic interaction, hydrogen
bonding, interaction of non-polar side chains, VAN DER
WAALs interaction) among the amino acid side chains
(tertiary structures). These stable structures, considered
to be those of the native state, may be altered under
certain conditions. Such alterations, which are a conse-
quence of changes in or destruction of the secondary and
tertiary structures, lead, in the extreme, to irreversible
denaturation of the protein with the formation, in gene-
ral, of insoluble aggregates and are often accompanied
by loss of biological activity. Hence, the protein chemist
is concerned not only with the preparation of proteins in
homogeneous form but also with the preservation of
their native states and biological activities. It should be
noted that recent studies on polysaccharides revealed
that those macromolecules indeed possess distinct se-
condary and tertiary structures (82).

The methods for the determination of the amino acid
sequences of proteins first developed by SANGER and his
co-workers have since been refined significantly (42,
83). The primary structure of many “simple” proteins
with much higher molecular weights has been elucidated
during the past decade (84). As demonstrated by the
studies on the 7S-globulins (35-37), porcine ribonuclease
(38), avidin (85), and a,-acid glycoprotein (39-41) the
techniques used for establishing the structure of uncon-
jugated proteins are also applicable for the elucidation
of the amino acid sequences of glycoproteins. Each
glycoprotein will, of course, present special problems as
did each non-conjugated protein. The general approach
for the elucidation of the amino acid sequence of a pro-
tein (42, 83) involves (a) chemical methods for the
cleavage of well defined linkages (86, 87), primarily that
of methionine by CNBr, and (b) enzymatic methods
(42, 83) using trypsin and chymotrypsin that effect li-
mited hydrolysis of the protein cleaving specific peptide
bonds. The separation; purification and determination
of the structure of the resulting peptides and glycopep-
tides have been described in detail (42,88). The use for the
elucidation of the amino acid sequences of newly introduc-
ed enzymes, such as thermolysin, carboxypeptidase C
(88a) and aminopeptidase M should also be mentioned.
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Sequenators which are based on the direct EDMAN degra-
dation procedure of peptides or proteins are now gradu-
ally replacing the somewhat laborious manual techniques
(89-91). Under ideal conditions up to 60 successful steps
may be achieved with the automated procedure (89), al-
though on the average this is rarely attained. For the
elucidation of the structure of certain *difficult to elu-
cidate” peptides (92, 93) and of certain peptides avail-
able only in minute quantities such as the releasing fac-
tors of the gonadotropins (94), mass-spectrometric pro-
cedures have recently been improved to such an extent
that they can be applied successfully.

Studies on the primary structure of glycoproteins
utilizing isolated glycopeptides have established the
amino acid sequences near the carbohydrate-polypep-
tide linkages for many glycoproteins including a,-acid
glycoprotein, fibrinogen, 7S y-globulin, luteinizing hor-
mone, ovalbumin, ovomucoid, ribonuclease and trans-
ferrin (2, 3, 38, 88, 95-97).

These studies have led to the recognition of the triplet
sequence

—Asn—X—H—,

that probably acts as a signal for the enzyme to attach
N-acetylglucosamine to certain asparagine residues of
the nascent polypeptide chain of glycoproteins (2, 3, 38,
88, 95-97). It should be kept in mind that these tripeptide
sections obviously must be located at the surface of the
polypeptide molecule, which has already assumed its
conformation, in order for the first monosaccharide re-
sidue of the carbohydrate unit to be attached. A critical
analysis, permitting evaluation of the above mentioned
hypothesis, would require the study of the surface of a
protein devoid of carbohydrate (e.g. serum albumin) for
tripeptides with the mentioned sequence (95, 98). Re-
garding certain carbohydrate-free proteins, it is also
possible that the cells responsible for the production of
these proteins do not synthesize the required sugar
transferases. This concept has recently been confirm-
ed by Spiro and co-workers (98a) by a study on the
in-vitro glycosylation of silk collagen which is formed
devoid of sugar. Moreover, the findings that a large
number of such tripeptides are free of sugars (98)
and that ribonuclease B possesses a carbohydrate unit,
although ribonuclease A which has the same amino
acid sequence does not, suggests that probably additional
factors play a role in influencing the mechanism of the
attachment of the initial N-acetyl-glucosamine residues
to nascent proteins (95).

The primary structure of glycoproteins requires the
elucidation of the following problems in addition to those
shared with “simple” proteins: (a) the linkage between
the carbohydrate and polypeptide moiety, (b) the size,
number and chemical composition of the carbohydrate
units and (c) the sequence of the carbohydrate units, in-
cluding the extent of branching and further micro-
heterogeneity within these units. These three problems
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have been solved to various degrees with different glyco-
proteins.

(a) Four types of linkages between the polypeptide
chain(s) and the carbohydrate units of animal glyco-
proteins have been well established (for reviews see 2,
3,9, 93) (Table II). The first type involves an N-glyco-
sidic bond between the $-amide nitrogen of an aspara-
gine residue and an N-acetyl-glucosamine residue, first
shown by NEUBERGER (99) in his studies on ovalbumin.
This type of linkage is present in many globular glyco-
proteins including a,-acid glycoprotein, ceruloplasmin,
fetuin, IgG-immunoglobulin and thyroglobulin (for sum-
mary see 3, 38, 88, 95). The second and third types of
these linkages, which have been elucidated by Muir
(100), MEYER and co-workers (101) and RopbEn (102,
103) is typical of the mucopolysaccharide-protein com-
plexes and submaxillary mucoproteins and involves O-
glycosidic linkages between an N-acetylgalactosamine
and a serine or threonine residue and between a xylose
and a serine residue, respectively. Characteristically,
these two linkages are relatively sensitive to alkaline
hydrolysis (8-elimination). The fourth type of bond oc-
curring in collagens (3, 104) is also O-glycosidic in na-
ture and involves a galactose and the hydroxyl group of
a hydroxylysine residue. However, this linkage is un-
usually stable toward alkaline hydrolysis.

An additional carbohydrate-polypeptide linkage was
found in bacterial cell wall material involving phospho-
diesters (105). A further bond was discovered in walls of
certain plants which involves an arabinose and a hydro-
xyproline residue (106a). The recent studies in this area
have been summarized by Spiro (2, 3) and MONTGOMERY
(9). Of further interest are the observations by Spix
(107), Spiro and others (3) who reported that certain
glycoproteins possess two types of such linkages.

(b) For the determination of the size, number and
chemical composition of their carbohydrate units, the
glycoproteins are completely digested with enzymes,
primarily pronase, and the resulting glycopeptides iso-
lated first by gel filtration and then resolved by ion ex-
change chromatography. The glycopeptides of many
glycoproteins, notably a,-acid glycoprotein, fetuin, a,-
macroglobulin, ovalbumin and submaxillary mucopro-
teins have been studied extensively by CUNNINGHAM,
NEUBERGER, P16MAN, SPIR0, SCHMID and many others.
These investigations summarized recently by Seiro (2,
3) and MoNTGOMERY (9), have demonstrated that the
number, molecular weight and the chemical composition
of the carbohydrate units of many glycoproteins differ
considerably from each other. It has also been establish-
ed that the carbohydrate moiety of all glycoproteins is
present as several units, an exception being ovalbumin
(107 a) and ribonuclease B which have only one such unit.
The number of carbohydrate units of a glycoprotein varies
from one (ovalbumin) to about 500 (ovine submaxillary
mucoprotein) and their sizes from a disaccharide (ovine
submaxillary mucoprotein) to a heteropolysaccharide
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with a molecular weight of 7,000 (yeast invertase).
Equally important, the different carbohydrate groups
of a given protein also vary in size.

(c) As to the composition of the carbohydrate moiety
of these macromolecules, it should be noted that with
few exceptions, no integral ratios of the monosaccharide
residues have been obtained. The reason for this ob-
servation is that the carbohydrate units of a single glyco-
protein differ from each other with regard to their chem-
ical composition. It is surprising that the single carbo-
hydrate unit of the ovalbumin molecules derived even
from a single egg are not constant in composition, point-
ing further to the complexity of the structure of the car-
bohydrate moiety (104). The reasons for this observa-
tion are severalfold, primarily the microheterogeneity of
the carbohydrate units (7, 104, 108) and the inability to
subfractionate certain heterogeneous glycopeptide pre-
parations (see below). It also should be realized that
sensitive criteria for assessing the degree of heterogeneity
of glycopeptide preparations are lacking at present. It
appears that chromatography on Dowex 50 at very low
ionic strength is the most sensitive criterium which has
been developed so far for establishing homogeneity of a
carbohydrate unit preparation (104). This has been de-
monstrated by the separation of the three types of car-
bohydrate units of thyroglobulin (108a). It would then
appear that a large part of the results reported so far on
compositions and structures of carbohydrate units pro-
bably represents average values. The earlier proposed
structures of certain carbohydrate units of macro-im-
munoglobulins (109) and stem bromelian (110, 111) re-
flect - this situation. Because of these difficulties en-
countered particularly earlier in elucidating the struc-
tures of the carbohydrate units of glycoproteins, it is
quite understandable and not surprising that two in-
vestigators who study apparently the same compound,
propose different structures (110, 111)!

There are two fundamental types of microhetero-
geneity—central and peripheral—found in the carbo-
hydrate moiety of glycoproteins. In the former case
the heterogeneity is located in the core of the hetero-
polysaccharide groups. The different carbohydrate units
have different numbers of branching points and, hence,
different numbers of polysaccharide chains. The data
derived from the investigation of such cores fit several
structures probably because mixtures of carbohydrate
units were studied. The terminal polysaccharides of
these units have a constant structure. For example, in
many globular glycoproteins including a;-acid glyco-
protein, the carbohydrate units have terminal trisac-
charides of the following sequence: NANA (2 — 2,3, 4, 6)
Galf (1 - 4) GlcNAc. In addition, certain polysaccha-
ride branches terminate in GlcNAc (3). The peripheral
heterogeneity is found in blood group substances. The
core of these compounds has a constant sequence. How-
ever, the termini vary because of the presence or ab-
sence of certain glycosyl transferases. The formation of
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these enzymes is genetically determined so that, in turn,
¢ he different types of blood group substances are also
genetically transmitted.

The partial sequence of the carbohydrate moiety of
several globular glycoproteins has been determined to a
considerable extent (for reviews see Ref. 3, 9). Sialic
acid and fucose, as just mentioned, have always been
found to occupy terminal positions of the polysaccha-
ride chains. The sialyl residues are O-glycosidically
linked to galactose, the penultimate monosaccharide.
The different linkages between the sialyl and galactosyl
residues (112, 113) of certain glycoproteins, referred to
as positional isomerism (3) or primary prostetic allo-
merism (62), have been suggested to be the cause of the
polymorphism of certain glycoproteins (1). The position
of galactose was established by periodate oxidation of
the desialized glycoprotein and by the use of a -galacto-
sidase. The third monosaccharide residue of the poly-
saccharide chains of many globular glycoproteins is N-
acetyl-glucosamine which, in turn, is linked to mannose.
The latter sugar is bound to the core which consists of
further mannose and N-acetyl-glucosamine residues,
and which is then attached to the polypeptide chain?2.
While each glycoprotein seems to possess its own unique
structural pattern, variations in the branching of the
oligosaccharide chains of a single protein frequently
exist (2). In view of the different chemical compo-
sitions of the carbohydrate units, for example of
a;-acid glycoprotein (114), further progress in the elu-
cidation of their structures can only be achieved if car-
bohydrate units of well defined sizes and compositions
are studied. Such preliminary investigations have been
reported by JEANLOoz and Kojima (115) and THOMAS
and WinNzLER (116). Recent progress in this area was
summarized by MoNTGOMERY (9). The monosaccharide
sequence of certain heteropolysaccharides derived from
erythrocytes (117), M-immunoglobulin (118), pancreatic
ribonuclease (119), thyroglobulin (119a), and transferin
(120) have now been elucidated to a large extent. The
latest achievement in this area of study represents the
complete elucidation of the structure of the heteropoly-
syccharide of Taka-amylase A reported by YamacucHI,
IxENAKA and MATsusHIMA (75).

Secondary and Tertiary Structure

The conformations of glycoproteins have been investi-
gated to a small extent and their tertiary structures very
little. Recent studies by GREENFIELD and Fasman (121)
demonstrated that the three classes of conformations
(helices, pleated-sheets and random structure) of at
least certain proteins can now be determined relatively

2 The hydrolases required to cleave all bonds of the carbohydrate
moiety have now been described, and efforts are being made to
make them available to the investigators in this area of study.
These enzymes are isolated from Jack-bean meal (113a) or Asper-
gillus niger (113b).
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accurately using circular dichroism. Yet, the exact se-
condary structure of no one glycoprotein is known yet.
As judged by corresponding investigations of glyco-
peptides derived from globular glycoproteins, it seems
that the carbohydrate units do not contribute signifi-
cantly to or affect the conformations or the tertiary
structures of glycoproteins (121a).

The secondary structures of many glycoproteins re-
versibly change their conformations when dissolved in
polar organic solvents (formation of a-helices) of con-
centrated urea solutions (random coils) (122). Hence,
the conformations of many proteins, for instance, those
derived from certain membranes and from brain, when
determined in aqueous media, do not represent their
state of nature, since these proteins are originally pre-
sent in a lipophilic milieu.

The precise secondary (123) and tertiary structures
(124) of glycoproteins can be determined by X-ray
diffraction pattern analysis. While the complete struc-
tures of over thirty “simple” proteins have been re-
ported, to date the three-dimensional structure of no
glvcoprotein has as yet been established, although they
are presently under intense investigation (125-127).
Nevertheless, certain investigations regarding the ter-
tiary structure have been carried out, such as ““map-
ping” of the surface of the glycoprotein molecule (128).
Specific methods are now available for this purpose (42,
129) permitting determination of the “free™ (reactive)
and “buried” (unreactive) residues of certain amino
acids of proteins (for reviews see 42, 86, 87, 129, 130).

Metabolism

The biosynthesis of the carbohydrate moiety of globular
glycoproteins, under investigation in many laboratories,
has been elucidated essentially by RosemaN and his co-
workers (108, see also refs. 2, 3, 9, 95, 131, 136-138,
140-143). These investigators were the first who de-
scribed alarge number of the in-vitro enzymatic synthesis
of the carbohydrate moiety of these and related macro-
molecules including that of a;-acid glycoprotein. They
isolated several glycosyltransferases that are involved in
the biosynthesis of these compounds and demonstrated
that the synthesis proceeds in a stepwise manner by at-
taching one sugar at a time to its acceptor. The speci-
ficity of these enzymes for the activated monosacchari-
des and for their acceptors and the type of the terminal
sugars primarily determine the sequence of the poly-
saccharide units (108). The mechanism of attachment of
the first sugars to the nascent polypeptide chain as in-
dicated above (3, 38, 88, 95) has been studied very
little, excepting that of galactose to carbohydrate-free
basement membranes and collagens (139). The forma-
tion of the core of the carbohydrate units has also not
been elucidated. On the subcellular level, it has been
shown that the biosynthesis of the carbohydrate units
takes place after the nascent polypeptide chain has been
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released from the ribosomes (except for a small amount
of N-acetylglucosamine (95, 140) and as it moves along
the membranes of the rough and smooth endoplasmic
reticulum (2, 95, 131, 141). Whereas the synthesis of
the polypeptide chain is under strict genetic control, the
postribosomal synthesis of the carbohydrate moiety is
not. However, indirect genetic control, i.e. genetic con-
trol of the synthesis of the glycosyltransferases, has be-
come apparent, especially from the study of the blood
group substances (131, 138, 144). Another example of
the indirect control of the biosynthesis of carbohydrates
was revealed by the study of the polymorphism of a,-
acid glycoprotein. The polymorphic patterns of indi-
vidual a,-acid glycoprotein preparations may differ from
each other suggesting that certain individuals may lack
one of the sialyltransferases (143). It should be noted
that the biosynthesis of certain glycosaminoglycans has
already been elucidated to a considerable extent (132,
134, 144).

Information on the catabolism of proteins and glyco-
proteins has only very recently been forthcoming. The
degradation of both the polypeptide chain and carbo-
hydrate units of proteins and glycoproteins seems to
reside with the lysosomes. The various lysosomal pro-
teases and glycosidases effecting this important role
were first reported by MAHADEON et al. (145) and sum-
marized by RoTuscHILD and WALDMAN (146) and PATEL
and TAPPEL (147). Of particular interest is the observa-
tion that desialized glycoproteins are catabolyzed at a
very much higher rate. For example, the half-life of
desialized a,-acid glycoprotein was reported to be de-
creased from 5.5 days of the native protein to 2 minutes
of the desialized protein (148, 149).

Considerations Related to Genetics

The genetic aspects of the variants of plasma proteins
have been reviewed earlier by RoBsoN and HARris
(150), and the author (1) and more recently by EpsTEIN
(151), HEREMANS (62) and others (54, 84). It may be
concluded that probably all plasma proteins are present
as variant proteins. Usually, apparently only one amino
acid residue is replaced by another due to a single point
mutation. Such amino acid replacements may result in a
change in the electrostatic net charge and, hence, in the
electrophoretic heterogeneity (62). A typical example of
this class of proteins are the hemoglobins (84). In con-
trast to this observation are the well known multi-
amino acid substitutions of the immunoglobulins re-
sulting in polymorphism and, hence, in a large number
of bands on electrophoresis (54, 152, 153).

With the knowledge of the primary structures of pro-
teins (84), it is now possible to correlate some of these
biopolymers with each other based on their structural
homologies. The evolution from the ancestral immuno-
globulin to the L and H chains of the present-day im-
munoglobulins (15, 154) and the formation of the a-
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rect three-dimensional structure, a preprequisite for
performing the biological functions of these glycopro-
teins (2, 3). It is also conceivable, however, that some
of the globular proteins, that possess the necessary
structural requirements including the tripeptide:

—Asn—X—§5,

exist as glycoproteins simply because of the presence of
cellular transferases which attach carbohydrates to pro-
teins, “rather than because of any functional usefulness
in having the covalently bound carbohydrate moiety”
(88). This concept is in contrast to the earlier hypothesis
of Eyrar (91) according to which the carbohydrate
moiety of plasma glycoproteins is required for the pas-
sage of these proteins through the cell membrane. In-
deed, albumin which accounts for over 50% of the weight
of the plasma proteins and is devoid of sugar, is readily
secreted into the cirulation, thus supporting the recent
theory. Furthermore, the glycoproteins as well as the
nonconjugated proteins, when completely synthesized
in the cell, are collected in the secretory granules that
are derived from the GoLcr apparatus, moved in these
“bags’ through the cell membrane and are then re-
leased into the circulation. That the problems pertaining
to the secretion of proteins by the cell are not yet com-
pletely resolved, is indicated by a more recent report
suggesting that the carbohydrate moiety of the im-
munoglobulins may play a role in their secretion from
the cell that produces these proteins (162), although ac-
cording to the current concepts the carbohydrate units
do not act as recognition signals for export.

Very important, however, are the recent studies on
the carbohydrate moiety of glycoproteins derived from
certain cell membranes (33, 34, 163-166) revealing that
here it is the carbohydrate units which are the functional
part of the macromolecules. Such carbohydrate units
act, for example, as transplant antigens, others as re-
cognition signals for (identical) cells. The carbohydrate
composition of the constituents of the cell surface under-
goes significant changes when cells are transformed
into malignant ones (163-166). With these fundamental
discoveries the study of glycoproteins has received a
new impetus.
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