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~ Abstract

Previous investigations into the nature of submandi-
bular gland glycoproteins have indicated a polydisperse nature.
The present work concerns itself with the examination of this
polydisperse character by means of gel electrophoresis and
column chromatography.. The results of this work indicated
that the rodent submandibular gland contains a great many
glycoproteins which were of a wide range of molecular weights.
In addition, it appeared as if the soluble protein content of
the gland was largely glycoprotein in nature. The evidence
for this was that almost all of the bands aﬁd fractions pre-
parad by electrophoresis and chromatography gave stailning re-
actions characteristic of glycoproteins. As a result of this
work, it became épparent that the water soluble fraction of the
submandibular gland contained the rat submandibular gland mucin
(RSM). This was isolated in a relatively homogeneous state by
preparative column chromatography on Sephadex G-200 and the
carbohydrate and amino acid content analyzed. The mucin (RSM)
contained mannose, galactose, sialic acid, fucose, N—acetyl—
glucosamine, N-acetylgalactosamine, and perhaps traces of
glucose. It was 51% carbohydrate and 49% protein by weight.
The amino acid content was unusual for a submaxillary mucin and

the implications of this are discussed.
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THE STATEMENT OF THE RESEARCH PROBLEM

It certainly appears from the literature, that much of
the history of glycoprotein chemistry has centered around stu-
dies with submaxillary glycoproteins. Most notably, much re-
search has been done on a specific glycoprotein of high .
carbohydrate content, submaxillary mucins from sheep and cattle
(ovine submaxillary and bovine submaxillary mucin). There ‘
have been isolations of this molecular species from a wide
variety of animal sources, including rat, hamster, dog, cat
and pig. Interest in the structure of these molecules has
" peen high. The 1iterature in this area has been reviewed ex-
tensively a number of times, and a table summarizing these
results has been presented in the Results and Discussions
section on page 71A.

The mechénisms for the piosynthesis of these molecules
has yet to be clearly demonstrated. The enzymes necessary
for the elaboration and attachment of the oligosaccharide
prosthetic groups have been demonstrated to be present in
the glands of a few of the specie5203~207 and the understanding
of the assembly of the carbohydrate side chains is well under
weay .

However, several studies on submaxillary
_salivasl32’l47’ 138 have indicated more than one glycoprotein
present in significant quantities. In preiiminary studies on
rat submaxillary glands, Phillipsl3l and Ericson161’167 have
suggested there may be several glycoprote:ns of importance

present within this tissue. Indeed, it is dlfflcult to believe




otherwise. It was thought necessary to examine the soluble
fractions obtainable from the rat submandibular gland to
determine some estimation of its glycoprotein content, and

some measure of their properties. Firstly, however, it became
necessary to develop the extensive electrophoresis methodology
necessary to begin the study. Since, earlier work in this

119,125,130,131 had indicated the sialic

laboratory and others
acid metabolism of the gland to be significant, emphasis was
to be placed on the sialoglycoproteins especially. Subsequently,
it became apparent that a single glycoprotein occupied a
prominant position in the electrophoretic and chromatographic
profiles. It was decided to attempt the isolation, purification
and partial analysis of this molecule to determine if this was

the "mucin" of the gland. Contained within this thesis are the

results obtained from the examinations of these problems.
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INTRODUCTION .

This thesis concerns itself with glycoproteins. Fur-
thermore, it concerns itself with a fairly strictly defined
structgral group of glycoproteins. 1In thebmost simple-minded
sense, a glycoprotein is a protein to which is attached, by
covalent linkage, one or more carbohydrate residues. How¥
ever, to the first and any other approximation, due to the
vast array of possible "glycoproteins” in animal, vegetablé
and microbial worlds, this definition, as a descriptive tool,
is too general to be useful. | |

The history of the evolution of the definition has
prbceeded as follows. Hammerstenl first applied the term
"mﬁcins" to a number of compounds which he and his‘stﬁdent§v
had isolated from a number of different sources. These com-
pounds were aifferentiated from "true_mucins" i.e. those from
saliva, the respiratory tract, etc. by their solubilities in
acids, precipitability and other physical properties. Later,
Levene (l925)2vclassified all carbohydrate containing proteins
(mucoproteins) into two groups as follows: chondroitin sul-
furic acids and mucoitin sulfuric acids, erroneously assuming
that all glycoproéeins (mucoproteins) contained uronic acids
and were sulfated. (For further discussion see Gottschalk,
1972).14' Following this, Meyer (1938)3, in possession of more

information, proposed to distinguish two main groups as follows:

A. Mucopolysaccharides
(1) containing uronic acids

(a) Sulfate free




(b) Sulfate containing

(2) neutral mucopolysaccharides of known composition.

B. Glycoproteins containing protein-bound hexosamine in

addition to other neutral sugars.

Meyer (1953)4 later modified his sqheme to include
"mucoproteins” and "mucoids". Mucoproteins were defined as
salts produced from the dissociable ionic binding of a mucopoly-
saccharide to a protein. He postulated a covalent bond between
carbohydrate and protein for both his mucoid (which he defined
as containing more than 4% hexosamihe) and glycoprotein (which
were defined as having less than 4% hexosamine) categories.

Other early classifications‘involving similar arbitrary
criteria have come forth from Stacey(1946)5, Blix (1951)6,
sasamune (1944)778 Kent and Whitehouse (1955)7, Bettelheim-
Jevons (1958)10 and others. (For discussion of these see
cottschalk (1972)1% and schmidt (1968)7).

A genuine improvement in the systematics of high
molecular weight carbohydrate containing substances appeared
with Jeanloz (1960)11. Since rmucus is a purely physiological
term, the prefix "muco" was dropped altégether from his chemical
nomenclature in which high molecular weight complex carbo-
hydrate substances are divided into 5 groups:

1. Pure polysaccharides

2. Compounds containing a carbohydrate component
attached non-covalently to a polypeptide'

(polysaccharide protein complex)




3. Compounds containing a carbohydrate component

attached covalently to a polypeptide (glycoproteins,

glycopolypeptide, glycopeptides)

4. Compounds containing carbohydrate and lipid com-
ponents
5. Compounds containing carbohydrate, lipid and

polypeptide components.

The basis for the classification appears to be (especially
for Jeanloz classes (2) and (3)) the type of linkage between
the protein and the carbohydrate. Gottschalk (1962)12 and
Gottschalk et al., (1962)13’14 have taken this assumption to
task (for discussion of objections specifically directed
against category 2 see Gottschalk (1972))14 and proposed that
these compounds be classified according to the characteristic
structural features of the carbohydrate moieties. He has re-
viewed the observatiohs that the homo- and hetero- polysac—
charides such as chitin, hyaluronic acid, chondroitin-4-sulfate,
chondroitin-6-sulfate, dermatan~-sulfates, etc. are for the k
most part linear structures composed of small repeating units.
In the glycosaminoglycuronoglycans the constituent hexosamine
and hexuronic residues are arranged in an alternating fashion.
_Within one type of glycosaminoglycuronoglycan, the glycuronide
linkages are as a rule all of the same type, and this is also
true for the hexosamine residues.

In contrast, the carbohydrate prosthetic group of

glycoproteins may contain 2-6 different types of sugars and it




certainly appears that a branched structure is quite common.
Furthermore, the grouping of the sugar residues within the
prosthetic group occurs as a distinct pattern, characteristic
of the particular glycoprotein in guestion. There appears to
date no evidence of the presence of a repeating unit as
suchl4’15.- It is true that one may find preferred sequences
occurring; however, these in no way represent a serial repe-
tition of particular sequences, in a manner analogous to that
found for the glycosaminoglycuronoglycans.

Tn addition to differences in the overall arrange-
ment and composition of the carbohyarate units between poly-
saccharide-proteins and glycoproteins, another major disting-
uishing feature is the chain length. The carbohydrate moiety
of polysaccharide-proteins may range from 46 to 95 glycosidic-
211y linked monosaccharide units per chainl6’l7. For glyco-
proteins with branches, the main chain generally does not
excéed 14-20 sugar residues.l4

Schmid (1968)19, in a fine review of the literature
prior to 1966, uses the simplest definition possible for
glycoproteins in order to include as many carbohydrate con-
taining types of molecules as pbssible. His definition is
merely an extension of the Gottschalk objection to the
Jeanloz (1962) categories based on linkage. Although he
accepts the evidence for covalent linkages in the mucopoly-

saccharides (see Gottschalk, 1972) he does not, however,

attempt any differentiation on the basis of structure or

biology.
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Spiro (1970) uses, as his most recent definition, one
indistinguishable from that of Schmidt (1968)19 i.e. glyco-
proteins are "simply defined as proteins which have carbo-
hydrate covalently attached to the peptide portion"lg. Unfor- -
tunately, in his review he includes the mucopolysaccharides
as a specialized group of glycoproteins. His discussion,
however, clearly refers only to compounds conforming to the
restricted glycoprotein category of Gottschalk (1972)14.
Spiro18 does point out that glycoproteins have been shown to
contain some or all of a particular set series of sugars.

Montgomery20 in his section on the definition and
classification of glycoproteins states quite generaliy that
glycoproteins are "biopolymers having amino acids and sugar
residues covalently linked to each other". He does, however,

recognize that two types of glycoproteins do in fact exist.

Oone type has a protein core to which a few oligosaccharide

chains are attached. This type he recognizes as having a low

molecular weight ("fregquently less than 100,000"). He des-
cribes the other type as being of much higher molecular weight,
and is mainly carbohydrate in content. The structure pre-
sented‘was a small protein core to which is attached hundreds
of small oligosaccharide chains. The sugars D-galactose,
D-mannose, D-glucose, L-fucose, D-xylose, L-arabinose, the
N-Acetylhexosamines, the various sialic acids and hexuronic
acids, D-glucuronic and IL-Iduronic acid can be found in the

carbohydrate groups of glycoproteins as defined by Schmidtlg,




Spir018 and Montgomeryzo.

Gottschalklz’14

has proposed two groups of high
molecular weight carbohydrate containing compounds:

A. Heteropolysaccharide-proteins

(glycosaminoglycuronoglycans),

B. Glycoproteins.
The first group is characterized by long branching chains of
a large number of monosaccharide residues (40) and consists
of a serially repeating disaccharide or some similar structural
unit.

The second category, "glycoéroteins" are defined,
"as conjugated proteins containing as prosthetic group(s) one
or more heterosaccharide(s), usually branched, with a rela-

tively low number of sugar residues; lacking a serially repeat-

int unit and bound covalently to the polypeptide chain".

Furthermore, "in view of (a) the variation from glycoprotein to
glycoprotein in number, composition and size of the hetero-
g . saccharide chain, (b) the diversity of the composition of

the protein moiety and (c) the widely varving carbohydrate

content, it would appear that the lack of a serially repeat-

ing unit, the low number of sugar residues in the heterosac-

R

charide, the branching of the heterosaccharide and the coval-

ency of its linkage to protein are the only structural features
common to all glycoproteins of animal origin® (Gottschalk

1972)14. Glycoproteins are then defined, for the operational

purposes of this thesis, according to Gottschalk (1972)14,
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"as eonjugated proteins containing as prosthetic group(s) one
or more heterosaccharide(s), usually branched, with a relative-
‘ly low number of sugar residues, lacking a serially repeating
unit and bound covalently to the polypeptide chain”.
Furthermore, it has now been suggested possible to limifs
the possible sugars appearing in glycoproteins to the follow-
ing:
A. Neutral Hexoses
glucose, galactose, mannose
B. Hexosamines
N-acetylglucosamine, N-acetylgalactosamine,
A-acetylmannosamine
C. Terminal sugars

I-fucose (6-deoxygalactose} and the sialic acid.

Xylose, arabinose and the hexuronic acids, being constituents
of mucopolysaccharides and non-animal clycoproteins are ex-
cluded.

This definition excludes mucopolysaccharides, peptido-
glycans and bacterial cell-wall protein polysaccharides as wellf
as bacterial glycoproteins.‘ Recognition is given to limita-
tions of the above definition. However, the author is in
agreement with Gottschalk (1970)14, that a definition that
is less exclusive and less explicit can be confusing; The
author also respects the suggestion of Gottschalk (1972)14,
that sufficient information is now available that a rigorous

definition of this kind can be, at least in large part,

scientifically justified.
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This definition then includes:

1) Piasma glycoproteins

2) Immunoglobulins

3) Urine Tamm and Horsfall glyco?roteins

4) Glycoproteins (hormones)

5) Enzymes (glycoproteins)

6) Egg white glycoproteins

7) Mucins, especially salivary mucins

.8) Collagens, aortic glycoproteins, acid glyco-
protein from bone

9) Extracellular membrane’brotein

.lO) Cellular membrane glycoproteins

as listed by Spiro (1970) and any other molecular structures
which‘agreé with the definition so proposed.

Furthermore, in keeping with the suggestion of
Montgomeryzo, glycoproteins -as defined by Gottschalkl4, can be
separated into 2 categories:

i) glycoproteins of low carbohvdrate content

‘e.g. ovomucoid and o acid glycoprotein
and
ii) glycoproteins of high carbohydrate content

e.g. salivary and epithelial mucins.
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GLYCOPROTEIN STRUCTURE

Little chemical understanding of glycoprotein struc-—
ture was forthcoming prior to 1940. The literature of that
period is extensively reviewed by Gottschalk (1972)14. Per-
haps the realization of the importance of the sialic acids to
the physical, chemical and physiological properties of the
vast array of glycoproteins was the major achievement of that
period. (For discussion see Gottschalk12’13’l4, Schmidtlg).

The general concepts of glycoprotein structure, of the
types of glycoproteins, of the carbohydrate involvement, etc.,
were developed after. this period by workers who examined

specific molecules. The intensive examination of a series of

glycoproteins from highly varied sources clearly supports the
12

. basic definition presented by Gottschalk in 196277,

The basic polypeptide backbone superficially resembles
that of classical non-glycosylated proteins. The primary
structure of a glycprotein appears unique to the molecule in
question.

It does appear, however, that dﬁe to the nature of
carbohydrate attachment to the glycoprotein polypeptide
backbone, certain generalities concerning unique properties
within the primary structure can now be made. As the carbo-
hydrate content of the glycoprotein increases, so does the
content of the linkage amino acid (to be elaborated upon with
specific regards to the submaxillary mucin). Furthermore,
because of the nature of attachment, i.e. carbohydrate to

protein, glycosylated amino acids are a distinguishing




featﬁre of the primary structure of a glycoprotein. This is
also especially true for glycoproteins with a high degree of
_carbohydration. Glycosylafion18 appears to involve the 1
carbon of the most internal sugar of the oligosaccharide unit
and some functional group of an amino acid within the poly-
peptide chain. Marsha1115 liste the following amino acids

for which glyco;ylation during glycoprotein synthesis has been
shown to exist; L-asparagine, I~serine, L-threonine, L-lysine,
L-proline and L-cysteine.

30,31 4f a linkage amino

The earliest demonstrations
acid involved the production of a glycosylated asparagine
~residue after extensive digestion of ovalbumin with a number
of proteolytic enzymes. Gottschalk and co—workers38“40
clearly identified serine and threonine as the linkage amino
acids in ovine submaxillary mucin_37 and described the glyco-
sidic nature.of the linkage. |

Until quite recently42"45 linkage appeared to occur
through one of two types:

A. The glycosylamine linkage which involves an

N-glycosydic linkage to the amide group of asparagine.

So far4l only N-acetylglucosamine has been shown to

be the cérbohydrate partner in this type of linkage;’

and |

B.’The 0-glycosydic linkage, in which the amino sugar

is linked to serine and threconine residues. 'Interesté

ingly enough, the linkage sugar appcars to be

N~acetylgalactosamincl4 in almost all cases for glyco—{z

proteins of mammalian origin.




N

Of particular interest, was the demonstration of the
unigueness of the amino acid sequence in the region of the

glycosaminyl linkage21“26. (For literature listing see

Neuberger et al.,2® Table Vv, p. 466-467. Available amino
acid data to date show no one preferred sequence to exist in
the region of the linkage. The amino acids on the carboxy

and amino terminal sides vary between proteins and even
between glycosylation sites within the same moleéuiezo. There-
fore, no generalization can be made as to which amino acids
might be expected to occur in the adjacent regions. However,
it has been pointed out that certain amino acids do not appear
in these positions. These include tryptophan, phenylalanine,
tyrosine, cysteine, cystine and aspartic acidls. Early in the
history of glycoprotein research, Eylar27 pointed out the
frequency with which threonine appeared in the vicinity of the
glyvcosylated aspargine. The work of the last seven years has
shown a much more specific sequence to occur. Almost invari-~
ably a serine or threonine residue occurs as the second amino
acid away from the glycosylated asparagine. In almost every

case to date the sequence in the region of the linkage is as

follows:

Ser

Asp X or
threo

gluNAc

CBO



26 28

Schmidt et al.”", Neuberger et al., and Marshalll® have
extensively reviewed the literature regarding amino acid
sequences about linkage regions, and especially comprehensive
discussions can be found in the latter two articles. For
example, of the fi?e carbohydrate groups of the a-acid glyco-

26, all are attached via asparagine and all show the

protein
previously described sequence with the hydroxy amino acid

being threonine in 4 out of the 5 cases. (For extensive

discussions of the sequences of other N-linked glycoproteins

see Table VI Neuberger et al. )28 Several authorsqg"Sl have

sﬁggested thissequaunlmkmfbé a necessary but not a sufficient
condition for glycosylation to occur. Neuberger and Marshall49
hypothesize that the role of serine ana threonine may be in-
volved in hydrogen bonding or as a recognition signal for the
sugar transferase. These authors and others‘(Neuberger EE_éin)28:

do, however, point out that the sequencé -

! Ser
(or threo)

aoes occur in some proteins which have not been shown to be
glycosylated53_56. It must therefore be concluded that other
factors are also essential if glycosylation is to occur.
Furthermore, it has yet to be shown whether the actual glyco-
sylated amino acid is asparagine or aspartic acid prior to
glycosylation. In contrast, Jett and Jamieson26 in an inter-
esting, albeit controversal paper, point out the survival

value of this particular sequence on the basis of replacement

mutations., Single point mutations for serine and threonine
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generate asparagine codons and vice versa, whereas less prob-
able two point mutations are. required for conversion to other
amino acid codons. These authors further suggest that,

on the basis of their observations, and those of othersz7’28,
the primordial linkage amino acid was asparagine and that the
others arose as single point mutatioﬁs thereof. These
authors26 especiall& recognize the limited data available for
such a complicated interpretation. |

It was first éuggested in 1959 . from studies on the

~ B-amylase from 2speragillis oryzae, that the carbohydrate may

be linked through O-glycosidic linkage to some of its serine
and threonine residues. Proof for such linkage was provided
by several workers. Bhavanandan §E.E£f! (1964)58 who uneqgqui-

vicably demonstrated that after an extensive alkali digestion

of ovine submaxillary mucin, the amount of serine and threon- -

ine destroyed (40-50%) quantitatively agreed with the amount
of N-acetylgalactosamine released into the medium. Tanaka et
have obtained similar results with bovine submaxillary mucin.

60,61 that alkali treatment of

Since it has been clearly shown
O-glycosidic ihﬁumﬁsvﬁﬁch are in B-position to a carboxyl
group results in the release of the sugar and unsaturatioﬁ of
the aglycone, it was concluded that serine and threonine were
the linkage amino acids and N-acetylglucosanine was in .
O0-glycosidic linkage to the;e amino acids. (For a detailed

account of the f-climination reaction see (Neuberger et al.,

p. 474-475).

59
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62 63

Anderson et al., Tanaka et al., and Harbon et al.,64

have provided unambiguous proof for the O-glycosidic linkage’ in

OSM and BSM. Other author565_67 have subsequently shown the

presence of the O-glycosidic linkage for a wide variety of
proteins including the human blood group substances68'69.
There is.little evidence to support an analogous situation in
the primary structure around glycosidically involved serine
and threonine to that which has been shown to exist for the

81,82 of

glycosylamine linkage of asparagine. A few reports
the sequence Pro-Pro located close to the linkage amino acid
threonine have not been shown to occur in other'molecules.
O-glycosidic linkages involving the hydroxyl of
hydroxy-lysine and hydroxy-proline have been shown70—77 recently
to occur for a number of basement membrane and collagen pro-
teins. 2An excellen£ review of these linkages can be found in

Neuberger et al.?g’
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THE CARBOHYDRATE GROUPS OF GLYCOPROTLINS

Several excellent reviews on the structure and function
of +the carbohydrate moieties of glycoprotein have been publishec

14,15,18-21,28,41 The extent and com-

in the last five years.
plexity of the literature makes it necessary to generalize abouti
the oligosaccharide structure of glycoproteins. The oligo- ‘
saccharide unit can vary18 from a simple monosaccharide or

83,84

disaccharide as found in ovine submaxillary mucin to

extremely complex heteropolysaccharide unit585_89. Glycopro’ceins*T
can have as few as one oligosaccharide unit per molecule e.g.

ovalbumingo'91

and Ribonuclease B92 while e.g. OSM has in the
region of 800 individua183 units per molecule.

The sugar composition generally involves one, some Or
all of the following sugars; glucose, galactose, mannose,
N—acetylglucosamine; N-acetylgalactosamine, N-acetylmannos-
amine, fucose and sialic acid. Furthermore, it appears18 that
the different sugars fulfill a positional "role" in the struc-
ture of the prosthetic group. That is, certain sugars can be
found in certain positions with a high frequency in comparison
to others. For example, the amino sugars, N—acetylglucosamine‘é
and N-acetylgalactosamine are invariably linkage sugars for
serine, threonine and asparagine linked glycoproteins. Ob-
viously then, these two sugars must occupy the most internal
position on the oligosaccharide chain. Fucose and the sialic
acids, when they occur, invariably have been shown to be

terminal sugars, existing on the outside of the chain. For

certain types of oligosaccharide structures, such as those
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found in fetuin99 and a number of other glycoproteinsloo_103,

a classical picture of glycoproteins of moderate carbohydrate
content can be seen. The internal linkage sugar is N-acetyl-

99,104

glucosamine to which is attached a somewhat variable

core region of several mannose and additional N-acetylglucos-

18,959,104 Externally attached to the core region is

amines.
a trisaccharide, containing N-acetylneuraminic acid (NANA)
galactose and N-acetylglucosamine (NAcGlu). The sequence,

for fetuin, at least, involves an a-linkage between carbon

two (2) of (NANA) and carbon three of galactose and a
B—-glycosidic bond between the one carbon of galéctose and the
four carbon of NAcGlu.18’99’lO4 In other molecules showing
similar sequences,19 positional isomerism can occur in the
trisaccharide region between NANA and galactose (involving
linkages to almost every carbon of galactose except C;). 1In
addition,.it has also been reported that in some, but not all,
of the trisaccharide chains of a population, fucose can re-

18,105

place NANZA in the terminal position. Several authors

have postulated a role for some of the mannose residues of the
core region. For a number of molecule585'100’104'106’lO7
it appears that these core mannose residues may act as branch
points for the attachment of two of the outer trisaccharide
chains. (Especially see reference 85 for partially complete
structural models for the a-acid glycoprotein). Variations

in this structure, even for molecules from the same source

isolated at the same or different times are quite common,18
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with the variations occurring in the content of both the
mannose and N-acetylglucosamine residues. The number of
mannose residues may vary upwards to twenty-five, depending on
the molecule in question and the specific time of isolation.18
This type of carbohydrate unit represents a complex type of
structure for animal glycoproteins. |

A tremendous number of simpler oligosaccharide units
invblving lessAthan a pentaséccharide have also been reported.
(See ref. 14,18,19,20 for listings and discussions) and the
more relevant of these will be diséussed later in the thesis.

In summary then, the complex type of carbohydrate
prosthetic group shows a linkage region (one sugar), a'core
region of several sugars (exﬁensively branched about one or
more of the neutral sugars) and a short terminal oligosaccharide
(most'often containing either sialic acid or fucose or both). .

The simplei type of piosthetic group contains only
the linkage region and a.short terminal oligosaccharide chain.
Branches may be present but are not characteristic.

Of particular interest‘is the wide variability in
oligosaccharide structures reported. This heterogeneity can
be considered to be of two types. 1In one type minor variations
can occur within the sugar sequences and/or the conformatioﬂ
of a single type of prosthetic group. For example, the
substitution of fucose for sialic acid in some chains (of a
population) of a molecule, or some molecules of the same

species can have either two or three mannose residues.
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Quite similarly, heterogeniety may be manifested in a more
subtle manner by the appearance of several positional isomers
at a particular linkage.

On a more gross structural level, heterogeniety is :
also manifested in the appearance, in some molecules%g'71’81'107'108§
of what appears to be, a second simpler type of carbohydrate
prosthetic group in addition to a group of the complex type
previously discussed. In some cases, two extra prosthetic
groups, in addition to a major complex type have been re-
portedl;s’lo7 linked to different amino acid residues.18
The reason(s) for this type of heterogeniety, whether it is
coded for genetically or whether it is the manifestation of

a lack of specificity inherent in the glycosyl transferases

remains yet to be determined.

GLYCOPROTEIN BIOSYNTHESIS

Alfhough the work presented in this thesis does not
directiy deal with glycoprotein biosynthesis per se, it is
thought that some information on this subject would further
an understanding of the work presented.

The biosynthesis of glycoproteins has been the subject
15,18,20,185-190

of many superb reviews in the past five years.
As a consequénce of the extensive literature on this subject
and the ready availability of these reviews, only the salient
points of the biosynthesis of these molecules will be pre-

sented. For extensive discussions of the evidence for the



points made here, the reader will be referred as needs be.

The biosynthesis of glycoproteins will be discussed to cover
the following aspects; (d) biosynthesis of the peptide portion,
(ii) biosynthesis of sugar precursors, (iii) attachment of

the linkage sugar and (iv) elongation of the oligosaccharide
chain.

The investigations of the biosynthesis of the protein
component proceeded along lines determined by the available ﬁ
models.for protein synthesis. It has now been concludedls'ls’lgs—lg%}
that there is no reason to believe that the protein core is
synthesized by any but the classical ribosomal model. In
only one situation20 has any evidence been presented to in-
dicate any extraribosomal involvement in the production of the
final polypeptide chain.

The case for the ribosomal model is supported by two
lines of evidence. . The well known effects'of the puromycin
inhibition of protein synthesis have been used by a large
number of workers in an extensive variety of tissues to study
the classical mechanism in glycoprotein production. The
specific papers in this area are extensively reviewed by

190

Clauser EE.EE: The overall conclusions derived from these

papers indicates that puromycin inhibits both protein and

glycoprotein biosynthesis more or less completely. Those
tissues in which glycoprotein synthesis was inhibited less
than protein synthesis generally show a large pool of previous-

ly synthesized peptide precursors. As a result, glycoprotein



synthesis (for e.g. labelled glucosamine incorporation) con-
tinued until this pool was exhausted. In some tissues this

pool has been shown to be quite extensive. These data

190

definitely support the concept of a ribosomal mechanism

for peptide synthesis not unlike that for ordinary proteins.

There is an extensive literature190 demonstrating that

the labelled amino acid uptake into glycoproteins occurs in
the rough membranes of the endoplasmic reticulum, or more

specifically, the ribosomes. These papers are thought by

me15,18,l85—l90

SO to provide the necessary evidence to directly

support the classical ribosomal model as the process whereby
the protein portion of glycoproteins is produced. Although

other possible mechanisms for peptide bond production exist

for shorter peptides only) ,Clauser et él.,lgo feel that the

available data to date exclude the possibility that these

mechanisms would be significant to glycoprotein biosynthesis.

This conclusion has been supported by most other reviewers.ls’lg'

185-190 Whether or not this conclusion is warranted, however,
remains to be seen. This author eagerly éwaits further work
by Pigman et Ei"184—191 following their announcement (see
ref. 18, for discussion) of the distinct possibility of a

peptide polymerase activity in submaxillary glands of sheep

and cattle. They postulate that only small peptides are
formed at the ribosomes and that the linkage of these together
occurs extraribosomally by a peptide polymerase located in

the golgi membranes. In reviewing this literature,



Montgomery18 concludes that this two stage process might very

well represent a general model for glycoprotein synthesis

not necessarily restricted to salivary glands. He reports

evidence191 indicating that this process also occurs in the

liver. For a listing of all references to. this development

as well as their discussion, see this review.l8
The source of sugar precursors for glycoprotein

130 as the nucleotide-

biosynthesis has long been established
sugar pool within the cell. That is, the substrates for the
incorporation of the sugars into the glycoprotein are specific
nucleotide derivatives of the sugars in question. It would be
difficult to review, even superficially, the investigations

of the last fifteen years and there are many excellént reviews

187,192-196

available. The pathways for the production of the

UDP derivatives of gluNAc, galNAc and galactose; the GD?
derivatives of mannose and fucose and the CMP derivatives
of the sialic acids are shown in Fig. 1. For those interested
in the discrete enzymology of these reactioﬁs, their controls,

195,196 and Davidsonls7 should be consulted. It

190,195,196

etc., Warren

has long been established that all the nucleotide-

sugars can be produced from glucose. In addition, other sugars
have been shown to be involved in nucleotide-sugar production.
For example, exogenous fucose has been shown to be taken up
into GDP-fucose directly (in some tissues only),l46 Direct
uptake has similarly been shown for mannose, galactose and

the sialic acids. (see WarrenlgG) Glucosamine has been shown

RIVEES
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Fig. 1. Scheme showing intermediates involved in
- glycoprotein biosynthesis (modified from
"Winzler, 1968) .185 cglu:glucose, fru;

fructose, gluN: glucosamine, gluNAc:
N-acetylglucosamine, Man: manncse, UDP:
uridine diphosphate, gal: galactose, GDP:
guanosine diphosphate, fuc: fucose,
ManNAc: N-acetylmannosamine, NANA:
N-acetylneuraminic acid, CMP: cytosine
monophosphate, P: phosphate
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to appear in several of the nucleotide sugars when used as
carbon source by a large number of tissues. The biosynthesis
of these sugar derivatives has been shown to occur by enzymes
in the readily solubilized portions of the cell. The morpho-
logical organization of these enzymes within the cell in
relation to the other machinery for the biosynthesis of

glycoproteins is, at present, a highly debatable question.185

To date, the evidence190 indicates that the mechanism
of glycoprotein biosynthesis involves the sequential addition
of the sugar monomers from the nucleotide-sugar precursors to
a preformed protein or to a sugar residue already residing on
a partially formed glycoprotein by a series of enzymes located
within the membranes of the cell (most notably, the golgi
membranes).185'186’190

The direct attachment of the linkage sugar to the
polypeptide chain seems to imply a close spatial and temporal
link between the classical mechanisms operating for protein
synthesis and the reactiéns catalyzed by the glycosylating
enzymes. The question of glycosylated amino acyl-tRNA's
donating glycosylated amino acids to the growing polypeptide
chain at the ribosome has been investigated197 in the liver
and no encouraging results were obtained. Direct evidence,
however, has been obtained by a large number of investigators
for glycosylating enzymes assumed to attach the first sugar

188,190

to the polypeptide chain. Many workers (see Clauser

190

et al., for specific discussion) have shown that the initial
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site of attachment lies within the smooth endoplasmic reticulum.
It may be that, for some tissues, the linkage sugar may be
first attached at some distance from the ribosomes, i.e. in
the smooth membrane. A growing body of evidence, however,
based on more sensitive techniques, has accumulated indicating
that the initial site of attachment is in the ribosome—fich
fractions of the rough endoplasmic reticulum. (See Clauser

et 31,,190 or Roseman186). On the basis of this work it may

be tentatively concluded that the rough membranes make a
significant contribution to the incorporation of sugars into
the glyéoprotein, most probably being involved in the attach-
ment of the linkage sugar.lgo

Several authors (see ref. 190 for listing and discus-
sion) have demonstrated the uptake of labelled sugars into
nascent proteins while still attached to the ribosomes.

That is, direct glycosylation may be occurring at the ribosome
while the polypeptide chain is still being formed. No
theoretical objection exists against such a model190 and a
host of evidence has been accumulated in a wide variety of
tissues to support it.

It would apppear then, that the attachment of the
linkage sugars is accomplished as soon as possiblé, first
occurring while the protein is still being formed, immediately
after being released in the rough membranes and finally being

completed in the smooth membranes . 027190




The presence of specific glycosyl transferases to
accomplish this has been shown in a wide variety of tissues,
Several reviews of this evidence are available.lgs'188

It has been proposed192 that the unique sequence of
sugars in the oligosaccharide chains of a glycoprotein is the
product of the cooperative sequential specificity186 of a
multi-enzyme glycosyltransferase system present within the
cell. The substrate of each enzyme is a specifié nucleotide
donor and a specific aéceptor (sugar or amino acid of a parti-
ally completed glycoprotein). The épecificity of these enzymes
is determined by (i) the acceptbr molecule, (ii) the penulti-
mate sugar or amino acid sequence in the immediate wvicinity
and (iii) the linkage between the terminal and penultimate
sugars. |

As a result of this process, each acceptor molecule
in the sequence is the product formed by the previous transfér~
ase reaction, (hence the term "cooperative sequential specifi-
city"). The elongation of the oligosaccharide chains would be
accomplished in this manner and the sugér sequence ensured by
the specificities of the glycosyl transferases present. The
characteristics of each enzyme, in turn, would be determined
by the genotype of the cell according to the well known models
for enzyme synthesis.

Recently, a number of workerslgg“zoo have presented

evidence to confirm the involvement of lipid intermediates in

the biosynthesis of some glycoprotein glycosylation reactions
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(in the core region of serum glycoproteins). This requires

much more work before any definitive pathways can be presented.

1. SUBMANDIBULAR GLAND CYTOMORPHOLOGY AND FINE STRUCTURE

Salivary glands show marked variation in structure
which is species, age and sex-dependent. They do, however,
show a number of common characteristics. They all appear to
be complex tubulo-alveolar glands.109 In simplest terms, each
gland can be viewed as a series of secretory units, arranged
in a linear sequence; the sequence being acini to intercolated
ducts, to striated ducts, to excretory ducts. Shackleford .

110 pave classified acinar cells of salivary glands

and Wilborn
into two categories. They state that mucous acinar cells
contain and secrete material rich in mucosubstance. Muco-
substance may be taken to mean that the secretory droplets
contain significant cérbohydrate. Most probably the word
"glfcoprotein" should be substituted for, or at least be
understood as the meaning of "mucosubstance" as used by these
authors. The prefix "muco" has little meaning when applied
in this way to salivary gland biochemistry. Serousllo acinar
cells are described as elaborating granules containing "a
proteinaceous composition". This might more correctly be
read that serous cells contain granules of a "more" protein-
aceous composition than mucous acinar cells.

Theyllo further sub-classify serous cells, but this
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classification is of little interest to this thesis.

Acinar cells, (be they mucous or serous types) are
invariably arranged about an irregularly shaped lumen. The
lumen is for the most part, centrally placed amidst the cells,109
which are generally pyramidal with some microvilli on the
luminal surfaces.

In the adult rat, the submandibular gland consists of
the 5 previously mentioned zones, being; acini, intercolated
ducts (i.c.) granular ducts (g.d.) striated ducts (s.d.) and
secretory ducts (sec.d.), with the intralobular volume occupied
by each division within the gland listedlll as follows:
acini 63; i.c. 4; g.d. 18; s.d. 1 and sec.d. 14. Acini, per
se, demonstrate extreme heterogeneity in size and shape. The
lumen of the acini is much émaller than the total luminal
surface area of the cells present.lll (approximately 4-6
cells/lumen). Hence, cells not juxtaposing directly onto the
lumen itself are served by secretory canaliculi (luminal
extensions or canals) which empty into the lumen. Tamarin
and Sreebnylll suggest that the lumen may be regarded simply
as a junctional zone between secretory canaliculi and the lumen
of the intercolaied ducts. Intercolated duct cells abut
rather abruptly with acinar cells, and the lumen is slightly
larger than the lumen of the acinus. Myoepithelial cellslog’lll
lie in apposition to both acini and intercolated duct cells.

Since these stellate-shaped cells share similar pharamoco-

. 112 . . .
logic and 1mmunologlcal113 properties to smooth muscle cells,



Fig. 2. Diagramatic representation of submandibular gland
secretory unit cytomorphology.
(a) Three dimensional composite diagram of secretory unit
(b) Diagramatic relationship of ducts of the secretory

unit.
A, acinus; MC, myoepcthelial cells; SC, secretory
canaliculi; ic, intercolated cells, ad, granular duct;
S, secretory duct.
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109 that these cells can, given appropriate

it is thought
stimuli contract and force the contents of the acinar and
ductal lumens out, causing saliva to come gushing into the
mouth.

Immediately, but not obviously following the inter-
colated cells are cells showing discrete granules and which
are termed granular duct cells.lll Granular ducts merge after
a very short distance with the striated ducts. Striated ducts
ﬂave lumens of larger diameters than the other ductal tissues
and the cells of this duct do not show any granules. Excre-
tory ducts, following the striated ducts and travelling to
the hilar region, merge to form the major excretory duct.

The exit from the gland at the hilus in the loose fascia,

along with the sublingual duct, nerves and blood vessels.
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METHODS AND MATERIALS

Protein Assay

9t

Total protein was assayed by the method of Lowry et al.

Sialic Acid Assay

All sialic acid values except those for the final ana-
lysis of the component sugars of the mucin were determined with
the Thiobarbituric acid procedure of Warren.96

Tissue Fractionation Experiment

Male, white Sprague Dawley rats, 4-5 months old, were
used in all experiments unless otherwise indicated.

For this experiment, eight (8) rats were killed by
exsanguination under light ether anesthesia. The submaxillary
glands (combined submandibular and sublingual glands) were
immediately removed and stored on ice. The adventitia was
stripped away and the sublingual glands carefully dissected
away and discarded. The remaining tissue was the submandi-
bular gland (SMG or simply "glands"). 'The glands were homo-
genized with a tight fitting teflon pestle in a glass homogeniz—é
ing tube after thorough mincing with dissecting scissors. The
glands were homogenized with 10 firm strokes of the pestle
in either (a) cold distilled water or (b) cold 0.154 M saline
such that the final concentration was 100 mg/ml wet tissue
weight (4 pairs of glands per group). The speed control setting
on the homogenizer (Tri-R-Stir-R Model S$63C, Tri-R Instruments, k
Inc.) was 6 (approximately 6000 xpm). This was termed‘the

whole homogenate (W.H. see Fig. 3). The W.H. was decanted into
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plastic centrifuge tubes and centrifuged in an International:
B-20 Centrifuge at 10000 xg for 30 min at 4°c. The supernatant
was decanted into fresh piastic centrifuge tubes and the pellet
washed once with 500 pl of either distilled water or saline.
The washings were combined with the supernatant. The 10000 xg
supernatant and pellet were designated the 1085 and 10P frac-
tions respectively. Suitable aliquots were taken for protein
and sialic acid determination. The 105 fraction was then
centrifuged at 140,000 xg in an International B-60 Centrifuge

at 4°¢C under reduced pressure for 1 hour. : The super-
natant was decanted and the pellet was washed once with 200 K1
~of either distilled water or saline and the washings combined
with the supernatants. The 140,000 Xg supernatant and pellets
were designated the 145 (HSS) fraction and the 14P fraction
respectively. guitable aliquots were taken for protein and
sialic acid determination. The data from this experiment are
presentéd in the results section under Tissue Fractionation

Experiment. (Table 1 p. 49A3)

Tissue Fractionation Scheme

As a result of the tissue fractionation experiment the
following fractionation scheme was adopted. The whole homoge-
nate was prepared in distilled water and centrifuged at
10,000 xg for 30 min. The pellet was discarded and the super-
natant recentrifuged at 140,000 xg for 1 hour under reduced
pressure at 4°c. The pellet from this centrifugation was also

discarded and the supernatant (148 fraction or HSS) was stored
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Fig. 4. Final tissue preparation pattern.




in the freezer at -60°C to be used for subsequent experiments

(see Fig. 4).

Electrophoretic Studies

Extensive electrophoretic studies were carried out on
the proteins found in the 14S fraction. Initially, our primary
interest was to surveyithe number of sialoproteins found in
this fraction. We necessarily had to survey the total glyco-

protein composition as well. Several electrophoretic systems

involving polyacrylamide gels were used. These are now listed
‘and described. All electrophoresis was accomplished by methods

essentially described by Davis (1964)93.

System (A) 7% Anionic Acrylamide Gels (7% Anionic PAGE94),

The stock solutions for these gels are listed as

follows: (as per Canalco literature 1965).

Solution A Solution B

48.0 ml 1IN HC1 48.0 ml  in HC1
36.3 gm Tris 5.98 gm Tris
0.23 ml Temed 0.46 ml Temed

with the pH adjusted to 8.8-9.0 with the pH adjusted to 6.6-6.8

! Solution C Solution D

é 28.0 gm- Acrylamide 10.0 gm Acrylamide
f 0.735 gm Bis. 2.5 gm Bis.
Solution E Solution F

4.0 mg Riboflavin 80.0 mg Ammonium Persulfate




Solution G Upper Electrode Buffer (Cathodal)}

140.0 mg Ammonium 5.16 gm Tris
Persulfate 3.48 gm Glycine

with the pH adjusted to 8.91

Lower Electrode Buffer (Anodal)

14.50 gm Tris

60.0 ml IN HC1l with the pH adjusted to pH 8.07.

Solutions A to G were all made up to a final volume ofﬂ

100 ml with distilled water. The cathodal and anodal buffersf

were all made up to a final volume of 1 litre with distilled

System (B) 3.5% Anionic Acrylamide Gels.

In order to increase the mobility of the larger mole-

cules‘during the time of electrophoresis, the concentration

of the acrylamide was halved.97 This gives a markedly reduced
frictional resistance to large molecular weight molecules

(MW > 8 x 105). The stock acrylamide solutions of system A

were subsequently changed as follows:

Solution C ‘ Solution D
14.0 gm Acrylamide 5.0 gm Acrylamide
0.735 gm Bis. 2.5 gm Bis.

As before, these solutions were made up to 100 ml

with distilled water. All other stock solutions and buffers

were unchanged.
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System (C) 7.5% Anionic Urea Acrylamide Gels (Urea Gels).

The stock solutions for this system were derived from
those recommended for use with the Shandon Preparative
Electrophoresis Apparatus. They were subsequently modified

and their final form appears as follows:

Solution A Solution B
4.8 ml 10 N HC1 25.6 ml IN H3PO4
36.3 gm Tris 5.7 gm Tris
0.46 ml Temed
Solution C Solution D
30.0 gm Acrylamide 10.0 gm Acrylamide
0.8 gm Bis 2.5 gm Bis
0.015 gm KFeCN
Solution E Solution F
0.250 gm Ammonium 0.008 gm PRiboflavin
‘Persulfate
Solution G Electrode Buffer for both Chambersz
360.0 gm Urea 6.0 gm Tris - J

28.8 gm Glycine with the

pH adjusted to 8.45.

Solution G was made up to 1 litre with distilled water.
The solvent phase for Solutidns A through F was solution G, and
the final volume for these solutions was 100 ml . The electrode
buffer was made up in distilled water to a final volume of

1l litre.
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System (D) 3.75% Anionic Urea Acrylamide Gels (Large pore

Urea Gels).

As before, the stock acrylamide solutions for these

large pore gels were modified from those of System C as follows:

Solution C

Solution D

15.0 gm Acrylamide 5.0 gm Acrylamide

0.8 gm Bis

2.5 gm Bis

These solutions were made up to a final volume of

100 mls with Solution G.

All other stock solutions and buffers

remained unchanged from System C.

System (E) 7.5% Cationic

Cationic gels were prepared and run by methods very

Acrylamide Gels (Cationic Gels)

similar to those described by Nagai et al. (1964).98

following stock solutions were prepared accordingly and used:

Solution A

6.8 ml1 IN XKOH
8.7 ml IN HAc
0.3 ml Temed

with the pH adjusted

Solution C

4.0 mg Riboflavin

Solution B

10.0 gm Acrylamide

2.5 gm Bis

to 6.2

Solution D

13.6 ml IN KOU
26.5 ml IN HAcC
0.5 ml Temed

with pH adjusted to 5.3.

The
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" Solution E Solution F

30.0 gm Acrylamide 0.15 gm Ammonium Persulfate
0.8 gm Bis

Solution G Solution H

35.6 gm B-Alamine 4.85 gm Tris

3.0 ml 1 N HAc 2.40 ml Concentrated HAc

with pH adjusted to 5.5 with the pH adjusted to 5.5

Solution I

33.3 gm KAc
5.1 m Concentrated HAC

with the pH adjusted to 5.3.

Solutions A through F were suspended in and made up to
a final volume of 100 ml with distilled water. Solutions G,
H and I were suspended in amd made up to a final volume of

1 litre with distilled water.

Gel Casting and Electrophoresis Proper

The final model to which the gels were cast can be
seen in Fig. 5. Gels were cast as described by Davis.
The apparatus used was a Buchler Polyanalyst with a Buchler

power source. The ratios of stock solutions used in the pre-

paration of the separating gels were as follows:
(i) Systems A and B (Anionic acrylamide)

Solutions A:C:G = 1:1:2 by volume

(ii) Systems C and D (Urea gels)

Solutions A:C:E:G = 1:2:4:1 by volume
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and
(iii) System E (Cationic gels)

Solutions D:E:F:Water = 1:2:4:1 by volume.

Separating gel volumes were 1000 nl for systems A
through D and 800 ul for the cationic system. The mixtures of

stock solutions for the stacking gels were as follows:

(i) Systems A and B.

l

Solutions B:D:E:F 1:1:1:1 by volume

(1i) Systems C and D.

Solutions B:D:F:G 1:2:1:4 by volume

and
(1ii) System E
Solutions A:B:C:Water = 1:2:1:4 by volume.
Stacking gel volumes were invariably 200 ul for all

gel systems.

Sample gel preparation proceeded as follows. Sufficient

stacking gel solution was added to the protein sample (which

contained the amount of protein required for the run, be it
50, 100, 200, 400 ug, etc. of Lowry detectible protein in less
than 100 pl total volume, to bring the final volume of the

sample gel solution (protein and stacking gel) to a final

volume of 100 pl. If more than one gel was to be run of the
same sample (as was the case the large percentage of the time)
then the sample gel mixture was made up to some integral mul-

tiple of 100 ul (e.g. 400 pl if 3 samples were required).
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After the stacking gel had completely polymerized, the
sample gel was layered on top of the stacking gel and left stand
for 1 hour. Unfortunétely, some inhibition of polymerization
generally occurred for protein volumes greater than 25 ul of
the total 100 pl of the sample gel mixture. The time of 1 hour
was chosen to allow the gels to be run under fairly standard
conditions. The buffers were then added to their respective
chambers. In the case of the cationic gels (System E) the
upper buffer (Anodal) was prepared by mixing 75 pl of solution
G and 25 ul of solution H and brought up to a final volume

of 1 litre. The buffer for the lower chamber was prepared by

" diluting 50 ml of solution I to a final volume of 1 litre with

distilled water.

Electrophoresis Conditions

A tracking dye was added to the upper chamber in all

cases as follows:

(i) for systems A & B 1.0 ml of 0.005% Bromophendl Blue
(ii) for systems C & D 2.5 ml of 0.005% Bromophenol Blue

(iii) for system E 20 pl of 0.5% Pyronin Y solution.

The electrophoresis conditions were as follows: ini;i—
ally the current setting was 1.25 mA per gel column until the
indicator had reached the sample-stacking interface (see Fig. 5);
At this time, the current was then increased to 2.5 mA per
column and maintained there until the indicator had travelled
to within 2-5 mm of the end of the separating gel (see Fig. 5).

At this time electrophoresis was terminated. The gels were
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removed as described by Davis.93 Staining of the separated

components is described in the following section.

Staining of Electrophoretic Gels

Protein Staining. In order to visualize protein containing

bands, the gels were placed in 10 x 75 mm test tubes and covered
; with excess 0.1% Amido Shwartz in 7% Acetic Acid for 1 hour.

§ Destaining (removal of excess stain), in most cases, was done

by electrophoresis against 7% Acetic acid at 5 mA per’ column.
f In a few cases excess stain was removed by washing against
several washes of 7% Acetic acid for 48 hours. Gels were stored

in 7% Acetic acid for photography.

Carbohydrate (Glycoprotein) Staining

The periodic acid Shiffs procedure developed in this
laboratory was used to detect glycoprotein-containing bands.
(See Appendex A). The final staining procedure consisted of
the following steps:

(i) immediately after electrophoresis the gels were
placed in 10 x 75 mm test tubes and covered with
excess 12.5% TCA for 1 hour.

(ii) after fixation (step (i)) the gels were placed in
clean 10 x 75 mm test tubes and covered with
excess 1% Periodic Acid for 2 hours.

(iii) the gels were then washed free of Periodic acid
as described in Appendix A for 2 hours against

159 HAcC.
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(iv) the bands were then visualized by immersing the
gels in Shiff's reagent at 4°c in the dark for
2 hours.

(v) removal of excess Shiff's reagent was accomplished
by washing against 7% HAc for 24 hours in a
covered beaker (completely covered with tinfoil
to prevent excess exposure of bands to light).

(vi) gels were stored not more than 1 week in 7% Acetic

acid in the dark before photography and scanning.

Column Preparation

Sephadex was prepared and columns packed as follows.
The Sephadex was swollen in distilled water for 8 hours at
96°C in a water bath. It was then left to stand on the desk
top overnight and defined (removal of small particles) thor-
oughly; Defining generally took 1-2 days of rinsing and
decanting the fines (small particles) until reasonable visual
homogeniety was achieved. The Sephadex was then placed in
the cold room overnight. Immediately prior to packing, the
Sephadex was thoroughly evacuated to remove trapped air
bubbles. The column was then packed by gently pouring the
Sephadex down the side of the column into a short water
column ( 10% total column length). After the Sephadex had
finished packing, the column was washed for 24-48 hours
(48 hours for 2.5 x 100 cm. columns) t§ equilibrate the
column to pressurc and to further remove soluble high and low

molecular weight contamination. The columns were then loaded
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with the protein to be eluted. All columns were packed and
run in the cold room.

Column packing was done under very rigidly standardized
conditions. After the initial washing the guality of each
column packed was determined by passing a dextran blue solution
down the column. The volume of dextran blue applied to the
column was exactly the same as the sample volume to be applied.
Columns with any defects were repacked (usually only one out ’
of every five or six columns was acceptable!) Void volume

and flow rate determinations were made before and after each

run.

Fractionation Experiment I 1.5 x 30 cm column.

Preliminary separation of HSS protein was accomplished
on Sephadex G-200 coarse in a column 1.5 x 30 cm (Sephadex
bed léngth 24 cm) prepared as described. Two (2) glands were
obtained and HSS protein prepared as usual. The high speed
supernatant was then frozen in the -60°C freezer and lyophyl-
ized to dryness. Just prior to chromatography the HSS powder
was resuspended in 1.5 ml cold distilled water and 50 ul 10N
NaOH was added to facilitate dissolution and suspension.v
One (1) ml of this solution (17.7 mg) was applied to the column
and eluted with distilled water at a flow rate of 1 ml /hour
and 1 ml volumes were collected by drop in an ISCO Golden
Retriver fraction collector. Protein and sialic acid deter-
mination was done on each fraction in duplicate. Fractions

were pooled, frozen and lyophylized as shown in Fig.12.
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Elect?ophoretic analyses of fractions 14Sf 1-4 was done with
system A andvthe gels were stained with Amido Shwarz and
aAlcian Blue. At the time of these expefimentsthe PAS procedure
had not been fully worked out therefore PAS stains were not

obtainable.

Fractionation Experiment II 1.5 x 90 cm column.

A column 1.5 x 90 cm was packed with Sephadex G-200
superfine to a final bed length of 75 cm as described. HSS
protein from the combined glands of ten (10) rats was prepared
as previously described.k The HSS was frozen and lyophylized
and resuspended in 3.6 nl distilled water with 100 ¢l 10N NabH.
'An.aliquot (57.70 mg protein) was applied to the column and
eluted at a flow rate of 1.5 ml /hour with distilled water in
the cold room. 1.0 ml fractions were collected and analyzed
for pfotein and sialic acid. The tubes were then pooled into
6 fractions (14Sf1-6) and assayed electrophoretically.
Electrophoresis was done with system C and the gels were

stained with Amido Shwartz and the PAS Procedure.

Preparative Fractionation Experiment ITI 2.5 x 100 cm column.

For preparation of the mucin in amounts suitable for
chemical assay, HSS protein was repeatedly prepared and
chromatographed on Sephadex G-200 in & column
2.5 x 100 cm (bed volume 90 cm). HSS protein (100-500 mg)

was loaded onto the column after lyophylization and resuspen-

sion, and elutecd with distilled water at a flo%fgfiifb”

paes

4.5 ml shour. Four (4) ml fractions were collected—by=drop
T oF MANITOBA /)
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and assayed for protein and sialic acid. The tubes were then
pooled and assayed electrophoretically with system C to
determine the fractions containing the mucin. Bands were

stained with 2mido Shwartz and the PAS stain.

Hydrolysis of Mucin and Preparation of Methyl-glycosides for

Gas Chromatography.

Mucin to be processed for sugar analysis by the gas

chromatography method of Chambers and Clamp114 was treated as

follows: The mucin fraction prepared from the preparative
Sephadex G-200 column was lyophylized. One or two mg were
weighed out with great care into drawn glass hydrolysis tubes
and suspended in 500 pl dry methanol. One ml of 2.0 M
methanolic HC1 and 500 ul of.internal standard (90 ug of
D-mannitol in 500 pl dry methanol) was added and nitrogen

gently bubbled through for 30 seconds. The tubes were then

;
3
7
g
3
i

immediately sealed. The final concentration of HCl was one
molar. The mucin solution and standards were hydrolized for
24 hours at 85°¢.

Dry methanol114 was prepared by reflUxing nethanol for
one hour with magnesium turnings (2.5 gm /500 ml Methanol)

and iodine crystals (100 mg/500 mls Methanol). After one hour,

the methanol was distilled into a clean, dry glass-stoppered
flask. Acidification was accomplished by bubbling dry HC1l gas
into a quantity of dry methanol until a final concentration of

2.0 M was reached.
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' hydrolysis, neutralization
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Standard methyl glycosides were prepared by dissolving
known amounts of the following sugars: fucose, N-acetylneura-
minic acid, N-acetylglucosamine, N-acetylgalactosamine,
N-acetylmannosamine, glucose, galactose, mannose, glucuronic
acid and mannitol in dry methanol. Fixed amounts of each were
pipetted into a single drawn glass hydrolysis tube and taken
to dryness in a vacuum oven at 38°C over NaoH pellets. TheA
sugars were re-dissolved in 2 ml of 1 M methanolic HCl and
gently flushed with nitrogen for 30 seconds prior to sealing.

Hydrolysis of the mucin and preparation of the
standards was done in the oven at 85°C for 24 hours. After
114,115 of the acid was done by the
addition of 450 mg silver carbonate (Ag2CO3). The pH was

tested and more A92CO added if necessary. Since acid hydro?

3
lysis cleaves the N-Acetyl-groups from acetylated sugar amines
and acids, the re-N-acetylation was done by the addition of
100 pl of acetic anhydride immediately after neutralization.
The tubes were allowed to stand for at least 6 hours at room
temperature for completion of this reaction.ll4’115
The methyl glycosides (from both mucin and standards)
were obtained from the supernatant of the neutralized hydro-
lyzate after centrifugation. The pellet was washed three times
with 500 ul dry methanol and the washings added to the super-

natant. The methyl glycosides were then taken to dryness in

a vacuum oven at 38°C over Naoll pellets and stored in a

“vacuum desicator overnight. Great care was taken to keep the

samples free from water throughout the preparation steps.
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Since the methyl glycosides were chromatographed as the
triﬁethyl silyl derivatives, 50 or 100 pl of Sil-prep reagent
(Applied Science Laboratory) was added to the samples and
standards allowed to react for 30-40 minutes. They were then
centrifuged in tightly stoppered, glassed stoppered centrifuge
tubes and 1 or 2 ul aliquots of the supernatant were injected
into the gas chromatograph.

The gas chromatograph used was a PYE series 104 chroma-
tograph with a Honeywell Braun Electronik chart recorder.
Samples were chromatographed on a 6 ft x 1/4 inch glass column
packed with OV-1 on gas chrom Q (Applied Science Laboratory,
State College, Pa.). The chromatograph was temperature pro-
grammed at 1°C/min from 100°-200°C and maintained at 200°C for
30 minutes, or until the N-acetylneuraminic acid peak emerged.

. The detector temperature was 210°C with the injection port
setting at 5-6. Nitrogen flow rate was 40 ml minwl, hydrogen
flow rate 40 ml min ¥ and the air flow rate was 20 ml min™T.
The amplifier gain was set at 2 x 103 and the recorder chart
speed was 1/2" minute.

Quantitation of the sugars was done by triangulation
.and comparison to the internal standard. The calculations

were done by the method described by Chambers and Clampll4’115

14

and the molar relative response factors used were those sup-

plied by these authors.ll4’115
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1. RADIOSOTOPE INCORPORATION AND TISSUE INCUBATION

Rat submandibular gland slices were incubated with
radioisotope - labelled sugar precursors in order to study the
incorporation of these sugars into thé glycoprotein fractions
separated by column chromatography and electrophoresis.

Submandibular glands were removed from rats under
light ether anesthesia and immediately placed in warm Krebs
Ringer Phosphate (KRP) bufferll7 with 11 mM glucose. Shortly

afterwards (approximately 10 min) the glands were weighed and

sliced (approximately 1 mm thickness) and placed in KRP buffer

with 11 mM glucose (1 mg tissue wet weight per ml) and placed

in a 37°% shaking water bath. Ten or twenty microlitres of

radioisotope~labelled sugar (Fucose—l—Cl4, 50 pc/ml, (Calbio-

chem) , D—glucosamine—l—cl4, 100 pc/ml. (New England Nuclear)
' 14

.or D-galactosamine-1-C~ , 100 uc/ml (New England Nuclear)
were added to the slices and the tissue was incubated for

2-3 hours. At the end of the incubation the sliceé were
washed with distilled water several times in a buchner funnel
over gentle vacuum. The slices were then homogenized in dis-
tilled water as previously described (Tissue Fractionation
Procedure)}and the HSS fraction prepared. Initially, the

protein was dialyzed against distilled water to remove unbound

label, but this procedure caused irreversible precipitation of
some of the protein of the HSS. For this reason decontamina-
tion was done by passing the protein through a column 1.5 x 25 cr

long of Sephadex G-25 coarse (prcpared and run as previously
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desdribed). The entire void volume protein was collected:
(the first peak) and the retarded fraction (second peak)
(consisting of small peptides and very low molecular weight
compounds) was discarded. The eluent (washed HSS) was
lyoéhylized and resuspended in 1 ml distilled water and
chromatographed on Sephadex G-200 column length

1.5 x 25 cm). The labelled protein was eluted as previously
described, and 30 uyl aliquots of each tube were taken for
scintillation counting. The scintillation cocktail for the
HSS and the column fractions consisted of 1 ml methanol and
8 ml of scintillation fluid (4% PPO in 0.05% POPOP in toluene).
The tubes were then pooled into four fractions for electro-

phoretic examination and lyophylized.

2. ELECTROPHOPESIS OF LABELLED SUBMANDIBULAR GLAND PROTEIN.

Labelled HSS and the column fractions to be electro-
phoresed were resuspended in distilled water. Aliquots of
200 or 300 ug protein (Lowry) were then electrophoresed in
duplicate or triplicate on gels prepared from system C and
stained with Amido Shwartz and the PAS stain. Stained gels
were photographed and the bands sliced out by hand. The slices l
were hydrolyzed for 2-3 hours in 1 ml 60% H202 at 60°C in |
scintillation vials. The hydrolysate was then suspended in
15 ml of Aquasol. 1Initially a scintillation fluid of 20%
BioSolv BRES-3 (Beckman) in 4% PPO in 0.5% POPOP in toluene

was used. However, on cooling to 4°C, a high degree of
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quepching was observed. The scintillation fluid was subse-
gquently changed to Aquasol (New England Nuclear, Montreal).
This showed significantly less quenching than any other solu-
bilization media used. All experiments reported here were done
with 15 ml Aguasol as the scintillation medium.

Unstained and unfixed proﬁein was also prepared after
electrophoresis for counting as follows. Immediately after
electrophoresis, unstained and unfixed gels were sliced (conti-
nuously) in a Savant Gel Slicer.‘ The gel particlés were eluted
with distilled water. The fractions were collected into
scintillation vials and hydrolyzed with 1 ml of 60% H,0, for
2-3 hours at GOOC and suspended for counting in 15 ml Aquasol
(Beckman) . Satisfactory suspension of the hydrolysates could
only be achieved if the vials were left to stand at room
temperature for 24 hours or so prior to counting. Pfeéumably;
this allowed more complete solubilization of the hydroiysate
by the Agquasol to océur.

Gel scanning of the PAS stained gels was done with a
Joyce-Loebl Chromoscan using a 520 nm filter.

Amino Acid Analysis

The mucin was hydrolyzed for amino acid analysis in
6N HCl (at a final concentration of 0.5% mucin) under vacuum
for 22 hours at 110°C. The amino acid analysis was preformed
on a Beckman model 120C Amino 2cid Analyzer..

Aliquots of the molecule were subjected to 24,48 and 72 hours
to determine the loss of amino acids due to degradation.
Valuesvpresented in Table 3 represent the subsequently cor-

rected amino acid determinations.
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RESULTS AND DISCUSSIONS

The presence of sialic acid in the rat submandibular
gland has been known for several years.lzs_130 That much of
the sialic acid may be found in glycoprotein méterial is not
unexpected and has been suggested a number of times in the

.125—130 A stricter examination of the nature of the

past
sialic acid containing compounds seemed the next important
step in examining the sialic acid metabolism of the gland.

131 had indicated a significant recovery of

Phillips (1971)
sialic acid in the 140,000 x g supernatant of a combined
submandibular-sublingual preparation. Prior to this, many
other workers had clearly shown the ability to isolate glyco-
protein rich fractions from a number of sources by various
types of aqueous extraction. To this end the following

series of experiments were done.

Salivary glands were fractionated by differential
centrifugation according to the tissue fractionation scheme
(Fig. 3) and the fractions obtained analyzed for protein
and sialic acid by the methods already described. The results
of the differential centrifugation appear in Tables 1 and 2.

When submandibular glands were fractionated in dis-
tilled water, over 80% (83.8%) (Table 2) of the total sialic
acid of the gland could be found still soluble after centri-
fugation at 140,000 x g for 1 hour. However, preparation of
the glands in saline resulted in considerably less (43.4%,

Table 2) sialic acid appearinag in the high speed supernatant




Table 1. Distribution of the sialic acid angd protein fractions of the rat

submandibular gland after differential centrifugation.

Fraction Wt 108 1003 14s* 140°
No. of Animals 4 4 4 4 4
Distilled Water
% A
Toral Sialic Acid 739.01 * 7.9 764.02 * 65.24 150.69 * 29.30 619. 17 = 43,65 85.58 * 11.67
( nM) ;
1
Sialic Acid per mg. 12.37 £ 1,51 16.19 * 2,26 | 12,52 * 1,39 17.71 + 1.87 25.64 * 7.44 e
Total Protein, : ?
Total Protein ( mg. 60.63 * 8.4 48,17 £ 9,24 11.96 = 1,51 35.17 = 3.46 3.48 * 0.66
Total Sialic Acid 820.29 * 17.45 469.25 £ 50.31 238.6 * 58.6 355.37 * 43.42 68.0 * 43,75
(nM ) , .
Sialic Acid per mg. 14,29 = 1,15 13.74 * 2,22 16.63 * 3.86 11.19 = 1.85 45.41 % 28.29
Total Protein.
Total Protein ( mg. 57.79 % 5.46 36.75 + 5.84 14,33 = 0.51 32.01 * 2,34 1.50 + 0.07
1. Whole homogenate, 2. 10000 x g supernatant, 3. 10000 x g pellet,

4, 140000 x g supernatant and 5. 140000 x g pellet.

ool L e mm A A ey 54-';93'\‘




Table 2. Mean per cent recoveries of protein and sialic acid from

fractions derived by differential centrifucgation of rat

submandibular gland.

Sialic Acid ( nM )

Protein ( mg. )

Fraction Distilled water Saline Distilled water Saline

108 + 10P / wW.HY 123.7 * 12.7 89.4 % 12.1 99.3 + 11.9 90.8 + 5.8

145 + 10P + 14P % 115.7 * 6.7 80.7 * 4.5 83.8 * 5.7 83.4 + 5.0
1og'?'w.n. *k 103.3 + 8.9 60.4 % 6.1 79.6 * 11.5 63.4 £ 6.1
148 / W.H, ** 83.8 + 6.4 43.4 * 6.0 58.3 * 4.8 58.2 £ 6.0

* Represents total percent recoveries at both levels of fractlonation.
%% Repersents soluble percent recoveries at both levels of fractionation.

Symbols as per Table 1.

167 -
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(HSS) despite the fact that the per cent total protein appear-
ing in the HSS was almost identical (58% of total) for both
preparations (Table 2). As a consequence, the sialic acid

per unit protein of the high speed supernatant showed a 1.5
fold enrichment over the whole homogenate (from 12 to 17 nM/mg,
Table 1), whereas that of the saline preparation showed a

slightly decreased ratio (from 14 to 11 nM/mg, Table 1). The

10,000 x g pellet for the saline preparation showed an increased§
ratio of sialic acid to protein in comparison to the distilled
water preparation (30% of total vs 20% of total respectiveiy)
accounting for the observed difference.

Several possible factors could affect these differ-
ences in sedimentation. Thé increased ionic strength of the
saline preparation may sufficiently neutralize the zeta
potential of the sialic acid containing compounds, such that
their solubility and-sedimentation properties are affected
(salting out effect). Alternatively, the saline may protect
the granule-bound sialic acid from osmotic lysis. As a con-
sequence, the granules would tend to sediment with their
contents intact. In the distilled water preparation the
granules would have certainly ruptured. In addition, the zeta
potential of the molecules would be maximized, and hence their
resistence to sedimentation at high speeds would be high.

The increased recovery of sialic acid in the high speed
supernatant may, therefore, be a manifestation of both of
these effects. Using a homogenization medium containing

tris, sucrose, magnesium chloride and potassium chloride,
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131 I . .
has reported similar recoveries for a saline

Phillips
preparation. Unfortunately, this worker failed to remove

the sublingual gland (personal communication) from the sub-
mandibular gland and consequently his sialic acid fractions

were highly contaminated with sialic acid containing components i
from the sublingual gland. It is well established127 that the

sublingual gland (in comparison to the submandibular gland,)

contains 6-7 times the sialic acid concentration on a wet

weight basis and has almost twice the total gland content
of sialic acid. The high degree of contamination thus in-

131 makes direct comparisons between his

curred by Phillips
and this work all but impossible. Several attempts were made
to determine the relative amount of sialic acid contained
within the different possible sialic acid containing compo-
nents of the HSS. On the theory that only the sialic acid
of the glycoprotein fraction would be affected by bacterial

neuraminidase (Vibro cholera), HSS was incubated with this

enzyme and the rate and amounts of sialic acid release were
recorded (Fig. 6). Almost all of the bound sialic acid

(greater than 90%) could be released after 24 hrs incubation
with V. cholera neuraminidase. Approximately 20% of the

total sialic acid of the HSS was free at any given time (Fig. 6)
Unfortunately, the interpretation of the data was obscured ﬁ
by significant release of sialic acid by processes inherent
within the gland itself. Incubation of the HSS with V. cholera 

neuraminidase (Fig. 6) suggested at least two different pools
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Fig. 6. Effect of incubation with neuraminidase
(Vibrio cholera) on the rate of hydrolysis
of bound sialic acid from rat submandibular

gland HSS. ,




of sialic acid exist within the HSS. The linkages of only
60%-70% of the total bound sialic acid were susceptible to
exogenous bacterial enzyme. The remainder of the linkages
(representing approximately 30% of the total bound sialic

acid), as shown by the incubation control, are susceptible

only to some hydrolytic process originating with the tissue
itself. It is a well known fact that the glycosidic linkages

involving sialic acid in glycoproteins is extremely labile

(this is in some contrast to the linkages involving the other

sugars). Therefore, this release of sialic acid may simply
represent the inherent instability of the sialic acid involved
linkages. This is, by no means, the only explanation; nor

the least likely. The presence of endogenous neuraminidase (s)

has/have clearly been shown in rodent salivary glandsll9 as

121

well as human salivas. Although the neuraminidase levels

previously demonstrated119 for the rat submandibular ogland
have been significantly less than those indicated by the
hydrolysis rates of the incubation control (Fig. 6), our data
may be more indicative of the true levels within the gland.
The failure of these workersll9 to detect any neuraminidase
activity in the different human salivas even though their

121

presence has since been conclusively demonstrated by others

may very well indicate that these workers were significantly

underestimating the neuraminidase activity of the gland.
The somewhat fastidious substrate specificity of the

different neuraminidases, especially that shown by the




V. cholera form has been the subject of much work and dis-

cussion. (For specific discussions see reviews by Gottschalk

1972, 1973 and Drozeniuk 1972, 1973).118:120

In light of
these articles, it may very well be, that at least two, and
perhaps several, different types of sialic acid involved
linkages exist in the rat submandibular gland HSS. 1In addi-
tion, it should be pointed out that V. cholera neuraminidase
has not been shown to be especially active when submandibular
mucins of other sources (bovine and horse) were used as

118 It seems a possibility, albiet how remote,

substrate.
that the V. cholera neuraminidase resistant fraction could
contain the rat submandibular gland mucin under the conditions
used.

The possibility of ganglioside and ceramide-bound
sialic acid, in a gland so richly furnished with membranes,
being a small component of this resistant pool also seems
likely. In a recent publication, Nijjar and Pritchard24
have shown low but significant sialic acid levels in their
membrane preparations from the rat submandibular gland. Un-
fotunately, these workers attributed the entire sialic acid
content of their membrane to glycoprotein, which seems entirely 
unlikely. In any case, the membrane (and lipid bound) sialic
acid of the rat gland may very well be partly or wholely
resistant to the V. cholera enzyme as has been the case for
122,123

some gangliosides and ceramides of other sources.

The analytical separation of the HSS fraction of the
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rat submandibular gland into the different protein and glyco-
protein components proceeded along two classical lines. The
HSS was subjected to analytical éolumn chromatography and
polyacrylamide gel electrophoresis (PAGE). The indivi-
dual fractions obtained by column chromatography were then
subjected to examination by PAGE.

Initially, fractionation of the HSS was carried out
by a salting out procedure (ammonium sulfate fractionation)%53
However, serious problems associated with the prolonged
dialysis necessary to remove the ammonium sulphate, and con-
sistently low recoveries forced us to abandon this approach
as an initial separation technique and rely solely on the use
of columns and PAGE.

The application of electrophoretic techniques utilizing

various media (free boundary eiectrophoresisl4o—l42,

paperl36~138,l43,144,148~150, starch gell33’l35,.cellulose

133 132,134,139,147,151

acetate , and PAGE of various forms) to

the separation of the various salivary components goes back a
number of years and the early literature has been reviewed
by Mandel (1966)152, (with special emphasis on the applic-
ability to oral health problems). The vast majority of the
papers re&iewed deal with the various human salivas, especiallyk;
parotid saliva. The enzymatic constitution of saliva (see H
ref. 152) was the object of many of these studies. Only a

132,134 _oncerned themselves with the nature of the

protein and glycoprotein components specifically. Dawesl38

few studies
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(1966) has presented a paper of immense practical significance
to workers involved in the electrophoresis of salivary proteins
in which he dramatically demonstrated the TCA solubility of
many of the proteins and glycoproteins in saliva. This was
disturbingly re-emphasized a few years 1ater.153 The ramifi-
cations of this work to the fixation and staining of salivary
material of any source is only just begun to be appreciated,153
(to be discussed later in the thesis) (see Appendix A ref. 153),i
The use of sfains of different specificities to |
demonstrate the chemical nature of the various components in

salivary materials after PAGE is a technique which has been

largely neglected by saliva workers. Even when these tech-

nigues were usedl32’l34 their applications have led to _
questionable results when re-examined by others later.lS3
For example, the excellent work of Steiner and Kellerl?’4 or

even that of Caldwell and Pigman132 is deficient. Their method
of PAS stainingl32 has now been shown to be of limited sensi-

tivity and probably involved a significant loss of protein

from the gel.153 It was, however, the best method available

at the time. (For discussion see appendix A, ref. 153).

There are few publications regarding the electropho-

resis of rat saliva. The early papers of Sweeney gg_gl.l48

149,150

and of Hall and Schneyer using electrophoresis on paper

strips to separate rat parotid and combined submandibular-
sublingual saliva are of historical interest only. More

recently, Rabinovitch et gi.l49 (1969) and Abe et 3&.139 (1970)
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(the latter unfortunately bcing in Japanese) have presented
PAGE analyses of rat whole, parotid and combined submandibular-
sublingual salivas. Although the quality of the work, es-
pecially the latter paper, is excellent, the use of stains
specific for proteins only is disappointing (this point will
be discussed at length later in this thesis). Furthermore,
since neither of these workers ligated the sublingual glands, .
the submandibular saliva was heavily contaminated with sub-
lingual secretions. Therefore, the significance of these
works to the present one is at best questionable and probably
irrelevant. Abe gE_El}l39 did however report a very interesting
observation. They found that some bands in rat serum electro-
phoresed with mobilities not unlike those of the secretions
of the salivary glands examined. The significance of this
observation for saliva remains obscure. To the best of our
knowledge no PAGE examinations of the contents of rat glands
have been done to date.

Electrophoretic analysis of the HSS in a number of
gel systems with the three stains described in the previous
section indicated that the HSS was, in fact, a highly compli~
cated glycoprotein mixture that was predominantly anionic in
nature. The results of these studies are presented in Figs.
7 through 11, inclusive. Electrophoresis of 200 or 300 ug
(Lowry) protein in system A (anionic 7.5%) indicated approxi-
mately 10 protein bands (Fig. 7(a)) of a wide variety of

molecular weight (as evidenced by the distribution of the bands
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(a) (b) (c)

Fig. 7. PAGE separation (System A) of 300 ug HSS protein.
Gels are stained with (a) Amido Shwarz,
(b) rPas, and (c) Alcian blue.
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throughout the body of the separating gel. Surprisingly,

PAS staining (Fig. 7(b)) indicated that almost all of the
proteins of the HSS that ran in this system were glycoprotein
in nature (or ran with glycoproteins). Furthermore, the PAS
gels indicated an intensely staining PAS positive band of low
mobility which did not show any appreciable representation on
the protein stained duplicate gel. (Area A). Significant
Alcian blue (AB) staining (Fig. 7(c)) appeared for two bands
(Areas B & C) with faint representation appearing for two or
three others.

Since a number of the bands in the Amido Schwarz (AS)
stained gel (Fig. 7(a)) showed the characteristic fuzziness
indicative of aggregation (Area B especially),a urea gel
system (system C) was devised to decrease aggregation and
increase resolution.155

Anionic electrophcoresis in the presence of urea
(Fig. 8,9(a)) increased the band number to 14 and 15 (concen-—
tration dependent) and markedly increased individual band
resolution as evidenced by increased band number and increased ;
band compactness (Fig. 8). For the same reasons we also con-
cluded there was an increase in band homogeniety. PAS staining
was qualitatively the same as before (Fig. 9(b)) with the ex-
pected concomitant increase in band number and resolution.

The PAS staining obviously indicates that almost all the
proteins are glycoproteins. The band previously (Fig. 7(b))

found in Area A was also present, and as before, there was
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(a) (b)

Fig. 8. Comparison of PAGE separation of 300 ug HSS
protein on gels of (a) System A and
(b) System C. The stain is Amido Shwarz.




i
Q4

Fig. 9. PAGE separation (System C) of 300 pg HSS protein.
Gels were stained with (a) Amido Shwarz and
(b) PAS.




extremely poor protein representation for this band (Fig. 9(a)
and (b)). This property of intense PAS staining and poor
protein staining as well as its position in the gel region
(indicated97 to contain molecules of approximately 106 m.w.)
led us to believe that this was the rat submandibular gland
mucin. This hypothesis was supported by two papers published

156,157

shortly thereafter by Holden et al., who demonstrated

similar staining characteristics for purified salivary mucins
of other species. We have termed this phenomenon the "inverse

158u £or the following reasons. Since

staining relationship
the salivary mucins of other sources have had protein contents
ranging from 30-60% depending on the source, species and
worker; these molecules should give a protein stain with Amido
Shwarz of similar staining intensity to the PAS stain, but
they do not%56_158 Hence, some effect of the carbohydrate,
most likely steric hindrance, is interfering with the access
to or the free inte%action of Amido Schwarz with the protein
core. It should be hoted that this effect is not merely

specific for Amido Shwarz, but is maintained for coamassie

blue and fast green also (personal communication by E.J.Z%ebrowski)

We have subsequently identified this phenomenon as the inverse
staining relationship to denote the significant and unexpected
reduction in staining intensity presumably caused by carbo-
hydrate.

Unfortunately, due to the properties of the urea -

polyacrylamide gel complex, irreversible uptake of the Alcian



blue étain by the gel occurred. This produced a sufficiently
high background stain, such that the bands could not be
visualized in any way. Data, therefore, on Alcian blue stain-
ing for the urea gels could not be obtained.

Despite this problem, the urea gels were the gels of
choice for resolving the different proteins and glycoproteins,
with no area showing the patterns characteristic of aggregation 
of proteins.

In order to check the completeness of electrophoresis
of HSS protein, it was thougﬁt that an increase in pore size97
would allow larger molecules (m.w. in excess of 1.5 x 106) to
enter the separating gel. New bands would then imply incom-
plete electrophoresis. To this end, large pore (3.75% Acryla-
mide) gels were prepared in urea solution (system D). Accord-
ing to the theory of Ornstein,97 this should double the pore
size and increase the size of the molecule that can enter the
separating gel up to about 2.5 x 106M.W. When HSS protein was
run under these conditions (Fig. 10(a,b)) no new bands 6f any
significant quantity (not detectible by visual inspection,
therefore less than 0.5 ug protein) appeared in either the AS
or PAS stained gels. As othersl32 have reported, the 3.75%
gelé did not give the same quality of separation as 7.0 or
7.5% gels for salivary protein (which is not surprising since

this is exactly what the theory predicts97

). The AS and PAS
relationships were largely unchanged by the change in pore
size, i.e. almost all the bands staining for protein also
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Fig. 10. PACE separation (System D) of 200 ug HSS protein.
Gels were stained (a) AS and (b) PAS.
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stained for carbohydrate, and the inverse staining relation-

ship was maintained for the mucin.

Previously, some salivas have been shown to contain
many positively charged (cationic) componentsl47. Cationic
gels were therefore prepared (System E), and the HSS electro-

phoresed and stained with the AS, PAS and AB stains. The

results are shown in Fig. 11. AS staining indicated (Fig. 11(a))

that there are only one or two proteins of cationic nature of
any significant quantity. Both bands showed weak PAS posi-
tivity (Fig. 11(b)), indicating that they were glycoproteins.
As expected, no detectible uptake of Alcian blue was observed.
Previously, Steiner and Keller,l34 has reported Alcian blue
positivity for cationic components of human parotid saliva.
These workers have accepted the claims asserted by Pearse159
that 2Alcian blue in 3% Acetic acid stains acidic components
(a claim similarly accepted by Caldwell and Pigmanle).
However, it would seem that there is little reason to believe
acidic components would appear. anywhere in cationic gels,
having migrated in the other direction. 1In a paper fraught
with technical prqblems (by their own admission), the specifi-
city of their staining technique is open to considerable
discussion.

In summary, then, the preliminary examination by PAGE
indicated that the HSS supernatant contained approximately

17 glycoproteins of which at least two were basic in nature.

Tentatively, the alcianophilia of at least 2 and perhaps 4 of
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a b c

Fig. 11. PAGE separation (System E) of 200 ug HSS protein.
Gels were stained with (a) Amido Shwarz,
(b) PAS and (c) Alcian blue.
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the anionic components represents some acid carbohydrate
residues (most likely sialic acids), since the Alcian blue
stain in Area B and approximately half of the stain in Area C
is sensitive to loss of bound sialic acid from the HSS

material (see Appendix 2). The HSS supernatant also appears tg
contain the rat submandibular mucin.

The application of chromatography on Sephadex to the
separation of proteins is standard laboratory procedure. Use
of this technique for the examination or prepération of
salivary proteins and glycoproteins is also well esta-
blished38’l3l’l6o’161 and has been recommended as the standard
method for'the preparation of salivary mucins.164

Preliminary eXperiments with columns of Sephadex G-50
and G-100 indicated that most of the proteins within the gland
were of sufficiently high molecular weight that they appeared
in the void volume as a single peak or were poorly resolved
from void volume material.

Chromatography of the HSS on Sephadex G-200 (column
1.5 x 25 cm) indicated several molecular weight fractions
within the HSS. The results of a typical experiment can he
seen in Fig. 12. Four (4) protein peaks were observed and
these were separated into five (5) fractions (f1-f5) for
electrophoresis. The fl fraction was particularly -interest-~
ing, having come off with the void volume (exclusion limit
for Sephadex G-200 approximately 800,000 m.w.) and showed sig-

nificant sialic acid. 1In addition, all the other protein
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peaks showed the presence of variable gquantities of sialic
acid. The peaks contained within fractions f4 and £5 contained
the largest part of the sialic acid of the HSS. Furthermore,
it appeared that most of the sialic acid chromatographed with
the very low molecular weight components. Presumably then,
this région contained many small glycoproteins, glycopeptides,
as well as the free sialic acid. When the contents of f5 was
analyzed by electrophoresis in System A, (Fig. 13(e)) it shoWed E
little stainable protein, and those bands present were located
in the regions of the separating gel thought to contain low
molecular weight components.97 It might also be noted that

in the gel of the HSS (Fig. 7(c)), this same area shows a
strong alcianophilia (Area C). Unfortunately, due to the
small amounts of material obtained from these columns, the

PAS and AB stains could not be done and only Amido Shwarz
stains appear.

The appearance of fl as a distinct peak of such high
molecular weight with no demonstrable Amido Shwarz staining
suggested that this fraction contained the rat submandibular
gland mucin.

The absence of a band provides an excellent demon-
stration of the seriousness to analytical electrophoresis of
phenomena such as the inverse staining relationship. The
proteins fractionated on the column in much the same seqﬁence
as they fractionated in the acrylamide gel, which indicated
that comparison of molucular weights could be made on the basis

of the position in the gel for the proteins of the HSS.
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13. PAGE separation (System A) of HSS and the following

-
Q

from the 1.5 x 25 cm column.

(a) HSS, (b) f£f2, (c) f3, (a) f4, (e) £f5 fractions.
Fraction fl consistantly showed no bands therefore
no photographs were made. Gels were stained with

Amido Shwarz.
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On the basis of the high quality of the chromato-
graphic separations on such small columns, columns of longer
bed length (1.5 x 75 cm) were prepared with Sephadex G-200
SF and the experiments repeated. The results of a typical
experiment are presented in Fig. 14 and 15. The chromato-—
graphic results are qualitatively identical to the previous
experiments. The elution profiles demonstrate four clearly
resolvéd peaks and two partly resolved peaks. These were
divided up into six fractions (f1-f6) for electrophoresis in
urea gels of System C. The mucin fraction (fl) showed the
same sialic acid peak and ran with the void volume as before.
The results of the electrophoresis of the fl fraction can be
seen in Fig. 15(a,b). This fraction appears highly homogeneous
showing marked PAS staining (Fig. 14(b)), but no significant
staining with Amido Schwarz. The banding patterns for the
fractions f2~f6 indicate, as before, that the proteins of the
HSS were electrophoresing predominantly according to their
molecular weight characteristics. The separation of f6 from
f5 indicates the majority of the sialic acid is contained
with the smaller glycoproteins (f5) and not in the glycopeptide -
or free sialic acid fraction (f6) as was suggested, to some
extent, by the smaller columns. The longer columns separated
the sialic acid containing smaller molecules into two distinct
peaks, the one in the f6 fraction probably representing the
glycopeptides and free sialic acid.

These two chromatographic separations clearly indicate
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15.

PAGE separation (System C) of fractions from
1.5 x 75 cm column.

(alb) f1; (c,d) £2; (C‘,f,) £3; (glh) £4;
(i,j3) £5; (k,l) f6. Gels in a,c,e,q,i and k
were stained with Amido Shwarz. Gels in
b,d,f,h,j and 1 were stained with PAS.
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that the HSS contains a large number of glycoproteins of wide
range in molecular weights many of which contain sialic acid
(at least 6). The RSM (fl) appeared to be relatively homo-
geneous and was located in the first peak which came off with
the void volume. In addition, (Fig. 15 (a) and (b)) demon-
strate the inverse staining relationship. All of the bandsi
of the HSS (Figs. 7,8 and 15) appear in the column elution
profiles in the same sequence in which they are electrophoresed,
with the exception of the two bands in Area D on the urea gels
which ran slower (lower negative charge) than their molecular
weight would suggest. This was not observed for the non-urea
gels (Fig. 13(g,i,k)). Recoveries from all columns were
essentially 100% for both protein and sialic acid.

The use of.Sephadex chromatography to prepare and ;
purify submaxillary mucins is almost standard procedure%60'162'l64
However, a number of other methods are used almost as fre-
quently and often in conjunction with column chromatography.

These mostly involve precipitation from an aqueous extract

of some sort with a variety of égents,40’l60’163’164’173*176
most often, but not always, followed by purification by some
' 160,162,166

other technique, for e.g. Sephadex, ion-exchange

169

chromatography,l66 or zonal electrophoresis. The use of

columns of Sephadex G-200 immediately after the preparation
of the whole aqueous extract for the isolation of the ovine
submaxillary mucin (OSM) has not been recommended by

Gottschalk et 3l.177 because of the small amounts of material
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; that can be prepared by this method, however, they did point
out that highly purifiecd preparations could be achieved by
this proceduré, Lombart and Winzler,166 using columns of very
large diameter (9.7 cm)‘on the whole aqueous extract of dog
glands have recently overcome this problem quite effectively.
Fractionation of the HSS on Sephadex columns (2.5 x 90 cm)
for the preparation of mucin material from the rat submandibu—
lar gland proved almost ideal; since (1) the small size of the
glands (200-350 mg); (2) the recovery of mucin from the glands
(approximately 1% by wet weighf); and (3) the limitations on
the numbers of animals thaﬁ could be handled at a time
(aéproximately 15) placed the.amounts of HSS material prepared
pef day within the column capabilities available. .

A typical elution profile for the preparative column
(Sephadex G-200) is presented in. Fig. 16. . Preparation
of the.mucin was done with the coarse grade of Sephadex instead
of the super-fine grade previously used in order to decrease
the elution time as much as possible. As a consequence, peak
resolution for the other fractions was markedly reduced.
Similarly, due to the greater dilution, the smaller sialic
acid peaks could got be assayed accurately. Since we were only
intercsted in the mucin containing peak, the quality of the .

resolution of the other peaks was considered unimportant. 2s

before, the mucin fraction (14Sfl, Fig. 16) demonstrated a sig-
nificant sialic acid content which when in this position on
the elution profile is now considered indicative of the pre-

sence of the mucin.t86s109.170
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Fig. 16. Typical elution profile obtained from
chromatography of HSS on columns of
Sephadex G-200 coarse (2.5 x 90 cm).
Flow rates were 4-5 mls/hour,
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Amido Shwarz staining is considered to be an excellent

93,97 However, evidence

irreversible fixative for a protein.
of resistance to stable fixation by the mucin can be seen in
Figs. 17(b) and 18(b). When the mucin containing gel was stained
with‘AS, electrophoretically destained, and then subjected to
the PAS procedure (Fig. 18(c)) it can be seen that (i) the
protein (mucin) moved down the body of the gel, and (ii) due

to a "smearing" effect became diluted, i.e. the band became
broader and hence less concentrated, thereby significantly
reducing the AS and PAS staining intensity. In addition to

the reduétidn in staining caused by the "inverse staining'
relationship®, this irreversible fixation would further reduce
whatever AS staiﬁ did appear. The combination of these two
problems appeared to effectively prevent AS staining for the
mucin. - These two effects appear to explain tﬁe p;pblems
other5156’157 have described in their attempt to detect mucins
’after electrophoresis with protein stains. To extrapolate
farther, it does not seem unreasonable, especially in the light
of previous worle3 on these types of glycoproteins, that the

- very broad, diffuse bands observed after electrbphoresis

by Holden et §1.156'157 with their PAS staining piocedure

for mucins from other sources might be the result of diffusion
of the mucins after fixation during the very.long and com- |
plicated procedures nccessary for the PAS stain. We put

great cffort into minimizing the time required for wash-

ing, oxidation and staining, in our methods;153 and yet,
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Fig. 17. PAGCE separation (System A) of 100 ug l4sfl protein.
Cels werc stained with (a) Amido Shwarz, (b) PAS
and (c) Amido Shwarz followed by PAS stain.



(R R

a b <

18. PAGE separation (System C) of 100 ug 1l4sfl protein.
Cels were stained with (a) Amido Shwarz, (b) PAS
and (c) Amido Shwarz followed by PAS stain.
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on the basis of the appearance of the bands in Figs. 17(c) and
Fig. 18(c), it would seem that some diffusion and loss of
material probably occurred. It would also appear from a com-
parison of Figs. 17 and 18 that electrophoresis in the presence
of urea, in addition to providing increased resolution, might
also increase the "fixability" of the mucin.

That the mucin preparation wés reasonably pure was
evidenced by the gel photographs (Figs. 17 apd 18). Only one
other band of any detectable quantity was present. Since
salivary mucins have been shown to demonstrate molecular weights

! 160,166

that are concentration dependent, it would seem poOssible

to conclude that this slower migrating band might represent an

aggregate of the mucin, 160,166

This characteristic of concen-
tration dependent aggregation makés molecular weight and
homogeneity estimations of salivary mucins by most techniques
quite suspect. In addition, the high carbohydrate content of
mucins decreases the specific gravity proportional to concen-
tration. The estimation from the Sephadex—~column experiments of
about 800,000 would seem to represent a reasonable lower limit
for the molecular weight of RSM. Since the mqlecule enters

the 7.0% acrylamide gels, its molecular weight must be less
than 1.3 x 106, the approximate exclusion limit for these gels.
Therefore, the molecular weight of the mucin is probably some-

> and 1.3 X 106, (note: the carbohydrate

where between 8 x 10

-

content would lower this estimate, since these estimates are
made on the basis of the specific gravity of protein and there-

fore, a value closer to the lower limit would not be unexpected)&
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pue to difficulties inherent in the electrophoresis of this
molecule, an accurate determination of the degree of purity or
heterogeneity cannot be given. The small quantities of the
moleculé that can be prepared do not lend themselves to more
traditional and extensive measures of homogeneity.

The éxtent of analysis of a glycoprotein, or of any
compound for that matter, is defined and limited by the tech-
niques available at the time. Since the mucin is a glyco-
protein, the analysis of its structure was directed to deter-
mine (i) the amino acid composition and (ii) the carbohydrate
composition. No attempt was made to determine the sequence
of either the peptide core or the carbohydrate prosthetic
groups.

The amino acid analyses were performed by Dr. F; c.
Stevens, (Department of Biochemistry, Medical College,
University of Manitoba), as described in the methods section.
The results are presented in Table 3. The mucin was approxi-
mately 48-50% protein by weight. Tryptophan and cysteine
values are not presented since they were not determined by
this meﬁhod. The amino acid composition was rather atypical
with respect to mucins of other sources for which amino acid
compositions have beeh determined. The sum of the serine
and threonine values (15%) was decidedly low, generally being
in the region of 20-30% of the total amino acids. The serine
and threonine to glutamate ratio was, however, normal. The
serine, threonine glycine, proline, alanine and glutamate

content was also lower than normal (41% instead of 70%). In



- O8N~

Table 3. Amino acid analysis : Rat submandibular mucin (RSMf

gm/100 gm dry weight mM/100 gm

*
mole ratio

Lysine 3.7
Histidine . 1.2
Arginine 3.2
Aspartate - 4.6
Threonine 3.1
Serine‘ 2.8
Glutamate ' 5.9
Proline 2.7
Glycine 2.5
Alanine 2.7
Valine ‘ ' 3.1
Methionine 1.1
Isoieucine 2.7
Leucine 5.0
Tyrosine 2.3
Phenylalanine 2.7

23.31

Total % amino acids by weight = 48.91%

* mole ratio = mM/100 gm amino acid

mM/100 gm methionine
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addition, the amount of valine, isoleucine, leucine and

lysine was considerably higher (23%) than is usually reported.
The linkage sugars were possibly serine and threonine as

with other salivary mucins although direct evidence for such
was not obtained. There was a good correlation between possi-
ble linkage sites (sum of seriné and threonine was 52 mM/100 gms)
and the number of prosthetic groups (determined by the concen-
tration of the sugar in lowest amount (gluNAc) assuming 40 to
50% glycosylation58’59 as has been shown for other mucins.

Gas chromatography was chosen as the means of analysis
of the carbohydrate portion for a number of reasons, not the
least of which was the ability to separate, identify.and
estimate in a single procedure all of the monosaccharides
normally expected to occur in glycoproteins. To this end,
all of the standard monosaccharides were prepared for gas
chromatography by the methanolysis procedure of Chaﬁbers and

.114,178’180 They were then chromatographed individu-

Clamp
ally, in groups (e.g. all acetamido-hexoses, all neutral
sugars, etc.) and all together (Fig. 19 (a)) at various con-
centrations to completely standardize the procedure and
identify clearly all possible peaks. Our chromatograms com—
pared very favorably to those reported by Chambers and
Clampll4’178 in spite of a much shorter column and poorer
temperature programming. The typical chromatogram obtained

from the hydrolyzate of the mucin can be seen in Fig. 19 (b)

and the quantitation of the individual sugars in Table 4.



Methanolysis produces several peaks (from 2 to 4) of
varying areas but of fixed ratios for each sugar (see ref. 114,
178). The identification of a partiqular sugar by the reten—.
tion time alone in biological prepparations is particularly
unwise;114 contamination being a problem almost impossible to

178 Identification therefore, by multiple peak

eliminate.
position and ratio of areas increases the confidence in the
results. Furthermore, if the major peak is obscured or very
asymetrical bécause of contamination, then guantitation can
still be done on one of the minor peaks with confidence. Since
.biological preparations contain significant amounts of amino
acids, organic buffers and lipids that can chromatograph with
similar (in some cases almost identical) retention timesl78
as the monosaccharides found in glycoproteins, the necessity
of more complex identification parameters than a single_re—
tention time is very important. (For an extensive review on
this subject see ref. 178). For these reasons methanolysisb
was chosen over the other methods available in the litera-

ture}78,1817183

The complexity of sugars identified in the preparation
was surprising (Fig. 18, Table 4). Almost all the standard sugars?
"~ found in glycoproteins were present in significant quantities
(see Fig. 19, Table 4). Fucose and NANA were found in equimolar
quantities and represented 5% and 12% of the total molecular
weight respectively. Both of the usual acetamidohexoses were
present with molar ratios; galNAc to gluNAc of 3:1, and consti-

tuted 14.6% and 4.5% of the total mclecular weight respectively.
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Fig. 19(a). Chromatogram of standard methyl glycosides
prepared as described. Peaks were identified
as below.

(b). Chromatogram obtained from the major rat subman-
dibular gland glvcoprotein (submandibular gland
mucin). Peaks were identified as fucose, 1,2,3;
mannose, 4,6; galactose, 5,7,8; glucose, '
9,10; mannitol, 12; H-acctylalucosamine,
13,15,17,18; M-acctylgalactosamine
14,16; N-acctltylncuraminic acid, 19.
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Table 4. Carbohydrate analysis : Rat submandibular mucin (RSM

gn/100 gn  moles/100 gm mole ratio’

N-Acetylneuraminic * %

Acid : 4 12.14 0.640 2 (2.0) 
N-Acetylglucosamine 4.52 0.020 1
N-Acetylgalactosamine  14.66 0.066 3 (3.3)5

Glucose  3.71 0.021 1 (1,05;
Galac£ose '6:76 0.038 2 (1.9)

Mannose 3.86 0.022 1 (1.1)
_Fucose 5.44 0.034 2 1.7

Total $ CBO by weight = 51.1%

* Ratio = total moles/100 gm
moles /100 gm NAc Glucosamine

. %% Data representative of 5 determinations.

All determinations were within 5% of each other.
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Two of the neutral sugars (galactose and mannose) were present
with molar ratios 2:1. Both NANA and fucose were essentially
equimolar to galactose. By subtraction, the mucin appeared

to be 51% carbohydrate by weight. On the assumption that the
glucose in the preparation is a part of the mucin, the glucose
content would be about 3.7% of the weight. However, fhis nay
not be a reasonable assumption. Close inspection of peak 9

and 10 (Fig. 19(a)) clearly indicates that these two peaks

have a ratio and retention time exactly characteristic of
glucose.114 In the mucin analysis, however, (Fig. 13(b)) it
appears that although the retention time is almost exactly
'identical to glucose, the peak proportions wére wrong. -Peak

9 (Fig. 19(b)) then, appeared to be a composite of three peaks.
Peak 8 (a minor peak of galactose) appeared as a shoulder.

Peak 9 (major peak of glucose) appeared as a shoulder on the
other side. A large peak due to an unid;ntified contaminant ap-
peared almost exactly over peak 9. Originally it was thought tha
this peak may be due to glucose.l70 However, it is most de-
finitely, largely due to a contaminant (most probably a fatty

178) The identification of a small amount of glucose in

acid.
the preparation is positive, however, no attempt was made to
quantitate it‘directly. Assuming 100% recovery, a value for
glucose of 3.71 gm/100 gm of mucin was arrived at. Often,l78
when glycoproteins are prepared by chromatography con Sephadex

or cellulose, glucose appears as & contaminant. Glucose oxidase

assays for free glucose in the mucin preparation were nega-

tive. Analyses for dextrans were not done. Most probably



Table 5.

CARBOHYDRATE COMPOSITION ('f SELECTED SALIVARY MUCINS ‘(mMoles/100 gnms)

ot osM (major)? 0SK (minor)?  BSX (major)? BSM (minor)?  powrd sy 113 PSMI (major)® PSY (atnor)? s L
S-Acetyl Calactosamine 99 103 78 38 81 111 117 A 104 69 €6
E~Acetyl Glucosazine 76 52 0.9 1.6 N 57 20
F-Acetyl Neuraxmiaic Acid 98 99 59 28 [}
¥-Glycoyl-Nsuraziniec Acid " 38 48 50 51
§-0-DiAcetyl Neuraminic 97 - 56
Actd
Galactose 2.4 17.0 8 28 52 109 58 61 81 33
Yanacse ' 2.2 22
Slucose 2%
Fucose 4.1 5.0 7.3 5.4 38 3 45 46 57 3
TOTZAL I CAPIOEYDRATE 54.0 63.0 42.2 47.7 . 45.5 64.1 59.2 57.3 61.3 sl
TOTAL X PROTENN 46,0 37.0 _ 57.8 52.3 55.4 40.0 35.8 . .. - 351 35.5 L3.9
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0SM = Qvine Submaxillary Mucin
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the glucose appeared as a contaminant in the form of dextrans
-released from the column. It can be seen from Table 5, that,
for the mucins represented there, glucose has not been shown
to occur in salivary_mgcins to date (with one exception,
Lombart and Winzler166 showed glucose to be present in their
CSM preparation and were faced with the same problems of
interpretation as us). The presence of mannose was unusual
although not unreported (see Table 5). The simultaneous
presence of both sialic acid and fucosé is fairly common
(Table 5) and indicated a branched oligosaccharide chain. It
does not seem unlikely that at least one of the galNAc resi-
dues is also terminal on one of the branches of the prosthetic
group. The high recovery (97—100%) suggest that the carbohy-
drate analysis was representative of the composition of the
glycoprotein.

On the basis of these results, a tentative but reason-
able arrangement of the sugars has been presented (Fig. 20).
GalNAc is the linkage sugar and is O-glycosidically linked
to serine and threonine. There is an internal region of
neutral hexoses and acetamidohexcses. (Mannose to galactoée
to gluNAc to galNAc 1:2:1:1). The sugars in this region are
probably arranged in at least two (possibly three) branches
with mannose or galactose most probably serving as the bfanch
point. NANA, fucose and probably one galNAc terminate the
chains. If glucose is present in the mucin then it-would

occur in the internal region.
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Fig. 20. Postulated partial structure of the'major dligbsaccharide group of RSM,
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Pigman and co—workersl7l'l72'184 have suggested the
possibility that the ‘submaxillary mucins may be composed of a
repeating series of small glycopeptides of approximately
20 to 28 amino acids (BSM172), Assuming that each glycopeptide
contains all of the constituent amino acids to the same degree
as the whole molecule, then the following analysis of the
structure of the RSM can be done. Each glycopeptide would

contain 52 amino acids. The glycopeptide would contain a total

E S - of 7 serines and threonines, of which 3 would be substituted

by oligosaccharide chains, i.e. there would be 3 oligosaccha-
ride prosthetic groups per glycopeptide, (Note: the ratio of
methionine to gluNAc is 1:3). Since it has already been
shown,ss'59 for other mucins tha£ 40 to 50% of all the gvail—
able acceptbrs are glycosylated, then the occurrence cf 3/7
(42%) of the acceptors being glycosylated in the glycopeptide

vis in excellent agreement with the model. With the molecular
weight of each oligosaccharide chain being appfoximately 2372,
then the molecular weight of the total carbohydrate of the
glycopeptide would be approximately 7200. The molecular weight
of the peptide portion would also be in this region (7000)
giving a molecular weight for the glycopeptide of approxi-
mately 14200. If we assume that the molecular weight is 800,000
for the whoie molecule, then the mucin would.be composed of .
60 glycopeptides linked together. - This would then mean that
each mucin molecule contained approximately 180 oligosaccharide

chains.
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Several other preparations from rat submaxillary glands
have appeared in the literature. The earliest preparation
(Hashimoto et al., 1961)173, which was a crude mucin clot from
combined submaxillary glands, showed the presence of hexosamine,
hexoses, fucose, glucuronic acid and sialic acid (as N, O,
diacetyl—neuraminic'acid).- The total carbohydrate content
was 70.4% by weight. The presence of glucuronic acid clearly
indicates contamination by mucopolysaccharide. The identifi-

cation of the sialic acid as the N,b,—diacetyl form is very

unusual and no other worker has since shown its presence in the

rodent gland. No attempt was made on the part of these workers
to determine the degree of homogeneity of their preparation
and it is quite reasonable to conclude that is was highly

heterogeneous.

5

Shortly thereafter, Draus (1964)17 described a mucin

preparation isolated from the chloroform precipitate of com-

‘bined submaxillary glands. This preparation was 42% carbo-

hydrate and showed hexosamine (11.9%), sialic acid (9.4%),
hexoses (12.9%) and fucose (3.1%). It did not show glucose
and an assay for mannose was not done. The sialic acid was
determined colorimetrically with N-acetylneuraminic acid as
standard and was not identified as NANA. This preparation'
showed two bands on zonal electrophoresis which could not

be separated by the techniques available to that author.
Although superficially similar to our molecule the NANA/fucose

ratio was higher (1:7 compared to 1). The NANA to hexosamine




- 75 -

and NANA to hexose relationships were quite similar. The re-

lationship of this preparation to the present one is not

clear. The heterogeneity of the preparation and uncertain

tissue source seriously obscures any comparison of results.
The most recént isolation of mucin was that of

169 which was made from submaxillary

Keryer et al., (1972)
glands. These authors colorimetrically determined the
presence of sialic acid, (measured as NANA), glucNAc,
galNAc (ratio 3/2), galactose and fucose. Their preparation
was approximately 50% carbohydrate and showed only a single
peak of high molecular weight in the ultracentrifuge. Their
amino acid compoéition appears very typical for a submaxil-
lary mucin. Their gluNAc/galNAc ratio was 3/2 whereas ours
was - 1/3. They did not show the presence of mannose ox
glucose. Their sialic acid to galactose ratio was guite
similar to our values and their sialic acid to hexogamine
lratio was slightly hicgher.

Unfortunately, because of the uncertainty of the
tissue source, the exact relationship of these molecule
to ours is uncertain.

Several workerslBl’161 have shown the uptake of

glucosamine and galactose into glycoproteins in rat submaxil-
lary glands. Ericsonl61 demonstrated that radioactive
glucosamine was taken up into most fractions when extracts

of pilocarpine depleted slices were separated on columns of
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Sephadex G-200. Philips131 did extensive work on galactose

uptake into élycoproteins prepared in mﬁch the same mannerx

as Ericson's. It.subsequently became of interest to see

if radioactive 1sotope labelled sugar uptake into any of

the glycoproteins of rat submandibular gland could be
demonstrated after column chromatography and electrophoresis.
Slices of submandibular glend were incubated for three hours
as described. Initially, a two hour incubation was used,
however, we found that the label uptake could be significantly
increased by increasing the incubation time to three hours.
‘The HSS prepared from the slices was subjected to electro-
phoresis in urea gels (system C) and the results presented
in Fig. 21. Glucosamine—c14 uptake could be seen in all
regions of the densitometry scan. No uptake of label could
be detected for fueose—c14 and galactosamine—cl4. The mucin
fraction was then prepared from the HSS by chromatography

as before and then electrophoresed and fractionated as
described. The results appear in Fig. 22. Uptake of both
glucosamine-c14 and‘galactosamine-—c14 into the muein could
be detected by these methods. No uptake of fucuse—c14 could

be detected.

From these results it can be concluded that a com-~

bination of column chromatography and electrophoresis
technigues as described and used herein could facilitate
the study of the biosynthesis of the glycoproteins of the

rat submandibular gland and other tissues. Larger preparations
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would allow for separation and gquantitation of the label
uptake into boﬁh the carbohydrate and protein portions of a
glycoprotein. The specific activity of the SMG preparations
could be increased by pilocarpine or nor-epinephrine depletion
prior to labelling. In addition, use of preparative gas
chromatography would allow the separation, identification,
isolation and guantitation of the component sugars as well

as the determination of the specific activity in a single

step.
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CONCLUSION

The rat submandibular gland contains a surprisingly
large collection of glycoproteins in significant concen-

tration. Using the electrophoretic methods described we

_were able to detect 15-20 different glycoproteins. Frac-

tionation of the HSS by column chromatography with Sephadex .
definitely supports these observations. The HSS contained
the rat submandibular mucin (RSH) .

Several of these glycoproteins (at least 6) contained
sialic acid in significant guantities. RSM was shown to
be a sialoprotein and the sialic acid was identified as
N-acetylneuraminic acid bygas liquid chromatography.

RSM was 49% protein and 48-51% carbohydrate by weight
although the linkage amino acids for other mucins have beén'
serine and threonine. No evidence for this being the case
with RSM was obtained. The amino acid contegt was
atypical for that of a submaxillary mucin. The serine and
threonine content was slightly low and the content of
hydrophic amino acids was slightly high. The carbohydrate
prosthetic group was complex and contained NANA, gluNAg,
galNAc, galactose, mannose aﬂd fucose in the molar ratios
of 2:1:3:2:1:2, respectively. The preparation showed
detectible amounts of glucose which may be a contaminant

or it may be part of the molecule.
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An improved PAS method for the detection of glycoprotleins  after
electrophoresis on acrylamide or ures-acrylamide gels is described. Strovger
_oxidizing conditions and a more controlled washing for the removal of
periodic acid resulted in both increased staining intensity and band resolu-
tion. The method will not stain protein and it appears that a 2-3 ug
sample of hound or precipitable carbohydrate would easily be detected.
Mucopolysaccharides were not detectable by this method.

The detection of macromolecular carbohydrate material, especially
glycoproteins, on electrophoretic media is usually accomplished by some
modification of the PAS stain (1-7). Since Koiw and Gronwall’s (1)
successful adaptation of the PAS method of Hotchkiss (8) to detect
serum glycoprotein clectrophoresed on paper, modifications for different
tissue preparations have appeared throughout the literature. In prineiple,
all of the methods involve an initial fixation stage, generally acidic or
ethanolic, followed by oxidation of bound carbohydrate by periodic acid.
The oxidation involves the cleavage of C—C bonds between adjacent a-
glycols and their subsequent conversion into dialdchydes. The oxidation
products are then reacted with Schiff’s reagent to form a colored aldehyde
addition product which appears a more or less intense red. Periodic
acid is the preferable oxidizing agent in that its effect stops at the
aldehyde stage, thus limiting overoxidation problems. If the procedure
employed is successful, bands appear red on a white translucent back-
ground. :

Zacharius and co-workers (7) investigated the earlier method of
Keyser (3) and reported little success in adapting the procedure for use
in acrylamide. These workers subsequently modified the method of Clarke
(4) to stain plant and animal glycoproteins on acrylamide gels, how-
ever, they have presented no evidence to support their claims of a high
degree of sensitivity. Our studies with rat submandibular gland glyco-
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protein preparations have shown the Zacharius and Zell procedure to be
less sensitive than the method of Caldwell and Pigman (5). On the
basis of the work of Dawes (9) on human salivary proteins and the
studies of Van Neerbos and De Vries Lequin (3) on PAS staining con-
ditions, we felt the method of Caldwell and Pigman was also of limited t
sensitivity and was underestimating the number of glycoproteins present.
The result of an extensive stepwise examination and subsequent modifiea-
tion of the procedure of Caldwell and Pigman form the subject of this
report.

MATERIALS AND METHODS

Source of sample proteins. Aliquots of the 140,0009 supernatant (HSS
fraction) of rat submandibular gland (SMG), homogenized in distilled
water (150 mg/ml) were used as the source of protein for most of the
electrophoretic studies described. These electrophoretic observations were
verified by comparison to those obtained with a-amylase (Worthington
Biochemicals), (horse) transferrin (Nutritional Biochemicals), and (calf
serum) fetuin (Calbiochem), trypsin and chymotrypsin (Worthington
Biochemicals).

Protein determination. Protein was determined by the Lowry et al.
procedure (10). : '

Determination of protein solubilized from gels. Following electro-
phoresis, the gels were immediately fixed in 12.5% trichloroacetic acid
(TCA) for 1 hr and then transferred to 15% acetic acid in 10 X 75 mm
test tubes. Aliquots of acid were removed at various time intervals up
to 12 hr for protein determination (11). Gels identically prepared and . e
run, but with no protein added, served as controls. Duplicate gels run
at the same time were stained for total protein with 0.6% Amido b
Schwarz in 7% acetic acid for comparative purposes immediately follow-
ing electrophoresis.

Electrophoresis

a. Nonurea gels. Seven percent acrylamide gels were cast from stock
solutions prepared as described by Davis (14) with the following modi-
fications: the stacking (large pore) gel was polymerized with the addition
of an 80 mg% ammonium persulfate solution as well as the ribo-
flavin solution recommended by Davis. Furthermore, the sample prepara-
tion involved the addition of stacking gel solution to the protein sample
such that the final volume of the protein sample and gel solution was
100 pliters.

The ratio of stock solutions used in the preparation of the separating
gel was A:C:G = 1:1:2 and for the stacking gel, B:D:E:F = 1:1:1:1.
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The solutions referred Lo here have heen put in the Tetter system used by
Davis with sohution I being the 80 mg. ammonium persilfate solution.

The electrophoresis buffer in the upper cleetrode (eathodal) chamber
was 0.043 M Tris in 0.046 M glycine at pH 8.91 and in the lower (anodal)
chamber was 0.02 m Tris in 0.06 ¥ HCI at pH 8.07.

The gel columns were prepared using a 1000-pliter scparating gel, a
200-uliter, stacking gel, and a 100-uliter sample gel, and ¢lectrophoresed
at 1.25 mA per column (fixed current) until the indicator band (bromo-
phenal blue) had entered the stacking gel. At this time, the current
setting was increased to 2.5 mA per column and maintained there for the
duration of the run. The electrophoresis apparatus used was a Buchler
polyanalyst with a Buchler power source.

b. Urea gel. The 7.5% urca-acrylamide gels were prepared according
to the method of Davis (14), with the following modifications: a 6 M
urea solution was used as the solvent phase for all of the stock solutions.
The buffer for the stacking gel was 0.256 ¥ H,PO, and 0.047 M Tris. The
electrophoresis buffer for both chambers was 0.05 M Tris in 0.38 M glycine
at pH 8.5. Elcctrophoresis conditions were the same as those already de-
seribed for the nonurca gels. '

Staining and Destaining Procedures

Amido Schwarz. Immediately following electrophoresis, the gels were
immersed in 0.5% Amido Schwarz in 7% acetic acid in 10 X 75 mm test
tubes for 1 hr and then destained electrophoretically at 5 mA per gel
column.

Alcian Blue 8GX. Tmmediately following electrophoresis the gels were
immersed in 1% Alcian Blue in 7% acetic acid for 2 hr. The gels were
then destained by washing against 7% acetic acid as outlined below.

PAS. Immediately following electrophoresis, the gels were fixed for 1
hr in 12.5% TCA in 10 X 75 mm test tubes. The gels were then trans-
ferred into clean tubes and subjected to sample oxidation with 1%
periodic acid for 2 hr and then washed as described below for 2 hr
against 15% acetic acid. These steps were all carried out at room tempera-
ture.. The gels were then placed in clean 10 X 75 mm test tubes contain-
ing Schiff’s Reagent (Fisher Scientific) and stored in a refrigerator (in
the dark) for 2 hr. The gels were destained as described below.

Gel destaining. For destaining and washing the gels were placed in
highly perforated 1.2 cm X 11 ¢m polyethylene tubes. The tubes were in-
dividually numbered and stoppered at either end with No. 1 regular
length corks. These numbered destaining tubes with gels contained were
then placed into either 2 or 4 liter polyethylene beakers on a Lab-Line
Multi-Magnestir with no more than 12 destaining tubes (free floating)
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per liter of solution (7 or 15% acetic acid). Vigorous stirring provided
the hest results. For normal destaining the 7% acetie acid was changed
three times over a 24-hr period. During the final removal of periodic acid,
the 15% acetic ncid was changed tivo to four times in the 2-hr destaining
period. The destaining beakers were covered at all times with aluminum
foil to prevent cxcessive exposure of the gels to light.

Densitometry. Gel scanning was done with a Joyce-Loebl Chromoscan
using a 520 nm filter.

RESULTS

Protein Solubilization from Acrylamide Gels

The effect of overnight washing (against 15% acetic acid) on the pro-
tein pattern of TCA fixed, but unstained gels is shown in Fig. 1. Pro-
tein solubilization was indicated by a marked reduction in both Amido
Schwarz staining intensity and band resolution and supported by protein
assay of the wash media after 2 and 12 hrs, respectively (Table 1}. Condi-
tions for the protein assay were complicated not only by the low pH,
but by interfering substances from the gels themselves as evidenced by
the high optical densities obtained with control gels which contained
no protein. The optical density values obtained were therefore statistically

Fic. 1. Effect of TCA fixation and overnight washing on protein profiles of 200 ug
HSS protein on 7.5% acrylamide gels (a) stained with 0.5% Amido Schwarz in
7% acetic acid for 1 hr immediately following electrophoresis, (b) 1 hr in 12.5%
TCA and then stained as above, and (¢) 1 hr in 12.5% TCA, washed overnight
against 15% HAe (12 hr) and then stained.
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TABLE 1
It of Duornlion of Washing on Profein Solabilization from Aerylamide Gels

O (080 nm) of washes

Controls 2-hr Wash Overnight (12 hr) wash
123.9 (6) 133.4 (6) 153.6 (6)
P < .01

@ Control gels contained no protein, but were treated identically.

b ( ) Number of gels dialyzed.
compared and were not converted to protein concentrations. In pre-
liminary studies, we ohserved that only 10% as much HSS protein could
be detected under these acidic conditions as was determined at neutral
pH. It would therefore appear that a significant amount of the protein
placed on the gel, perhaps as much as 30-50% could be solubilized and
lost from the gel during washing and destaining, even after TCA fixation.

Oxidation Conditions

The increase of oxidation conditions from 0.2 to 1% periodic acid
contributed significantly to the increased resolvmg, power of the PAS
procedure (Fig. 2a) reported here.

Comparison of Initial and Modified Procedures

The increased staining intensity and band resolution achieved by more
controlled washing, stronger oxidizing conditions, and more rigorous

Frc. 2. Comparison of PAS staining patterns and corresponding densitometric
scans obtained for 300 pg HSS protein on 7.5% Urea Acrylamide Gels by (a) using
the PAS procedure described, (b) using the PAS procedure described with only
0.2% periodic acid for the oxidation step, and (¢) using the procedure of Caldwell
and Pigman.
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Fi16. 3. PAS staining patterns and densitometric scans for 100 pg each of (a,b) fetuin

and (c,d) transferrin and stained (a,c) with the PAS procedure reported and (b,d) the
PAS procedure of Caldwell and Pigman on 7.5% urea acrylamide gels.

fixation is illustrated by the comparisons (Figs. 2 and 3) of the pro-
" cedure presented here and that essentially described by Caldwell and
Pigman. Increased band intensity and resolution improvement is espe-
cially obvious for the glycoproteins fetuin and transferrin (Fig. 3).

Specificity and Sensitivity of the Modified Procedure

The proteins e-amylase, trypsin, and chymotrypsin, which have not
been shown to contain carbohydrate, did not stain with PAS (Fig. 4). The
sensitivity and. usefulness of the stain is shown by the detection of 14
distinet PAS positive bands in rat submandibular gland HSS (Fig. 5a
and b). The distinct stain obtained with 50 ug transferrin established
the lower limit of the stain sensitivity to be in the region of 2-3 ug of
bound carbohydrate (Fig. 5¢).

DISCUSSION

A major difficulty in standardizing the reported modification centered
in optimizing the gel wash and oxidation conditions to ensure as com-
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a

Fic. 4. Electrophoresis of (ab) 100 pg e-amyluse (c,d) chymotrypsin, and (e,0)
trypsin used as carbohydrate-free protein standards on 75% urca acrylamide gels.
Gels were stained with Amido Schwarz (ace) and PAS (hdD) as deseribed.

pletely as possible the removal of periodic acid from the acrylamide gels,
but at the same time preventing any significant loss of PAS staining
material through sample solubilization. Our observations on sample
solubilization do not agree with the early report of Zacharius et al. (7)
which suggested that sample fixation with TCA was effectively irreversi-
ble, even to an overnight washing against distilled water. It is possible
that the relatively high protein concentration (500-900 pg) used by these
workers made the comparative deteetion of sample loss difficult. Sample
loss through solubilization is, however, not completely unexpected and
has previously heen demonstrated for both human salivary proteins
{Dawes, 1963) scrum glycoproteins (Appfel and Peters, 1969) as well
as for relatively insoluble membrane proteins (Ray and Marinetti, 1971).
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R 3

Rl

Fic. 5. (a) Amido Schwarz and (b) PAS staining of 300 pg of HSS protein using
the modified procedure and (¢) PAS staining of 50 pg of transferrin representing
approximately 2.8 pg bound carbohydrate.

The results presented here (Fig. 1, Table 1) for rat submandibular protein
clearly demonstrate that protein material can solubilize off the gel matrix
during the stages following fixation, but prior to staining. The HSS
protein as well as transferrin and fetuin all showed reduced staining in-
tensity with Amids Schwarz following acid washes for periods as short
as 6 hr. These results and those of others described above strongly sug-
gest that ‘this reversible fixation is a characteristic of glycoprotein in
general and can be a major variable in PAS staining techniques.

The importance of completely removing periodic acid is well established
(7) and only reemphasized in our study. Standardization of the gel wash-
ing and destaining conditions eliminated the inconsistent staining pat-
terns we had routinely obtained using the method of Caldwell and Pigman
(5). Although the washing and destaining conditions described herein
were optimal for our gels, it should be emphasized that with changes in
gel volumes, it may be necessary to reevaluate the wash time to ensure
adequate destaining.

Without the added benefit of more rigorous washing and destaining
conditions, an increase in the oxidation conditions alone produced a more
marked staining intensity than was obtainable using the procedure of
Caldwell and Pigman (5). Van Neerbos and De Vries Lequin (3) have
investigated the oxidation conditions necessary for detecting glyco-
proteins on cellulose acetate and found that maximal staining intensity
was obtained with 1.5% periodic acid after 50 min. We have extended
the duration of oxidation to 2 hr in our study to ensure more complete




PAS STAIN FOR GEL ELECTROPIORESES 3064

sample oxidation. lhe possibility of overoxidation vecurring under these
conditions, such as the oxidation of amino acids (e.g., tyrosine, serine)
and the formation of PAS sensitive end products does not appear likely.
Amylase, trypsin, and chymotrypsin which have not been reported to be
glycoproteins, when run at a relatively high concentration (100 pg)
using the procedure deseribed here, remained PAS negative.

The sensitivity of this procedure is demonstrated not only by the
detection of 14 distinct PAS positive components in a 300-pg sample of
rat HSS protein, but in addition, the detection of 50 pg transferrin [2.8
pg bound carbohydrate (13) ] suggests that 2-3 pg of bound carbohydrate
could be easily detected using the procedure we have reported here.

Mucopolysaccharides (chondroitin sulfates) run in our system were
PAS negative, possibly due to their solubility in TCA. They were, how-
ever, readily detectable with 1% Alcian Blue in 7% acetic acid.
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APPENDIX B

SOME EXPERIMENTS IN THE SPECIFICITY AND USEFULNESS OF ALCIAN

BLUE AS A STAIN FOLLOWING PAGE.

Introduction

The presenée of sialic acid as an important functional
group of some of the glycoproteins in rat submandibular glands
has already been demonstrated iﬁ this thesis. For this reason
a stain localizing bound sialic acid with good certainty and
reproducibility would have facilitated the electrophoretic
studies of the glycoproteins present in the gland. Therefore,
we attempted to détermine the staining specificities and
optional conditions for the use of Alcian blue in detecting
bound sialic acid.

Since its introduction by Steedman in 1950, Alcian
blue (A.B.) has become one of the mdst widely used cationic
stains appearing in the histochemical literature.2 Despite
its popularity, a few reports of its application to electro-
phoresis preparations have been made. Caldwell and Pigman3
have used Alcian blue in 3% acetic acid (HAc) to tentatively
identify bound sialic acid in human saliva after PAGE. Hilborn

12,13

and AnastasSiadis4 and others have reported good Alcian

blue stains for acidic mucopolysaccharides by the same methods.
Recently, Wardi et gl.%2’l3 have published an interesting

paper describing the application of Alcian blue (in 2.5% HAc),

after oxidation and bisulfite addition of the carbohydrate of

glycoproteins as a substitute for the PAS stain. They claim
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to be able to differentiate between acidic mucopolysaccharides
(MPS) and glycoproteins by this method. Since their only
criteria was the ability to stain mucopolysaccharides with
Alcian blue in acetic acid without prior oxidation, etc.,

this procedure is highly disputible on the basis of the work

15,16 who have

of Caldwell and Pigman3 and Kapitany et al.
shown glycoprotein staining under the same conditions. This
work does show, however, that Alcian blue uptake can be in-
creased by increasing the number of strongly acidic groups in
the molecule.

The specificity and the mechanism of action of this
stain has been the subject of much work in the past.}-8
However, Anderson et 3&.5 have pointed out problems with the
assumption that Alcian blue stains sialic acid. Similarly,
they have questioned the role of the salt linkage mechanism
as the means of Alcian blue staining as suggested by Scott

7.8 The salt-linkage mechanism

et gl.6 and Quintarelli et al.
particularly, lacks direct support in electrophoretic pre-
parations, since both workers3’4 used Alcian blue in 3% HAc,
the acidity of which is far below the pK of the carboxyl
group of sialic acid.

Our experiments into the specificity and use of Alcian

blue following the PAGE of rat submandibular gland HSS are

presented here.
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Methods and Materials

i) The HSS was prepared as described (Methods section).

ii) All electrophoresis was done with gels of System A,
as described in the Methods section.

iii) Neuraminidase Incubation: Submandibular gland (HSS)

was incubated with Vibro cholera neuraminidase for

18 to 24 hours. Incubation controls were incubated
with the same quantity of distilled water under
identical conditions. Aliquots were taken at regular
intervals for free and total sialic acid determination
and for electrophoresis. One duplicate set of
acrylamide gels representing each time interval were
stained with 1% Alcian blue in 7% HAc and another pair
with PAS (see Methods section).

iv) ' For studies of the conditions for Alcian blue staining,
the following Alcian blue preparations were used:
1% solutions of Alcian blue 8GX (Allied Chemicals)
were prepared in (i) 3% HAc, (ii) 7% HAc, (iii) 15% HAc,
(iv) 7% HAc with 0.5% Calcium chloride (CaClZ), and
(v) 7% HAc with 0.5% Sodium chloride (NaCl). Similarly,
1% Alcian blue solutions in distilled water (pH when
used 3.5) were prepared with (i) NaCl and (ii) 0.5% cacCl

v) The photography for (Fig. 5) was done under ultraviolet

light against a piece of black velvet as background.
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Results, Discussion and Conclusions

The results obtained by incubating HSS with
neuraminidase are shown in Fig. 1. After 2 hours incubation
all traces of the alcianophilia in region B were lost. The
control sample had also lost its staining potential even
though the sialic acid release (see Fig. 6) (in Results and
Discussions section) from the control during that time was low.
This band would therefore seem to represent the most readily
hydrolyzable sialic acid linkages. This assumption is based
on an extension of the conclusions reached by histochemists

14 Others5 have questioned

for the same types of experiments.
this assumption for various reasons, most notably, for the
difficulty in establishing adequate controls and the apparent
variable susceptibility of sialic acid involved glycosidic
linkagés to neuraminidases.14 The band in region C (Fig. 1)
still maintained its alcianophilia quite indistinguishably
from the controls at 2 hours. However, by 8 hours, the neura-
minidase treatment severely reduced the staining in this
region. This band, however, did not seem to lose its staining
entirely. By 8 hours all of the hydrolyzable sialic acid had
been removed and yet this alcianophilia persisted up to 18 hours.
It may be due to the remaining bound sialic acid, a problem
'similarly encountered by the histochemists9 many years ago.
/Since Alcian blue, in histochemical preparations at least,

is not especially reactive with sulfate groups,15 the presence

of sulfated glycopeptides was unlikely. It seems most likely



~1C5~

that the residual stain was due to the uronic acids of the low
molecular weight acidic mucopolysaccharides sincé these
molecules are present in rodent salivary glands (chondroitin
sulfates A & C) and have been shown to migrate in this region
of the gel.155

The PAS stains of the duplicate gels at each time
period appeared largely unchanged (Fig. 2). This appears to
indicate that endogenous lysosomal glycosidase activity was
not significantly altering the molecules in any undetermined
way.15

It éertainly seems, from these data, that, at least
the alcianophilia in some areas of the gel (Area B especially)
can be shown (indirectly) to be due to the presence of sialic
acid. If that was true, then why did not all sialo-glyco-
proteins stain with Alcian blue. This problem was first
noticed with the rat SMG mucin, which in both a highly
homogeneous state and in the HSS failed to give a consistantly
good Alcian blue stain. At best, it was only weakly Alcian
blue positive. - To investigate this problem further, commer-
cially obtained fetuinl7 was electrophoresed and staining with
Alcian blue was attempted. Consistantly, negative results
were obtained.

The basic mechanism hypothesized for the uptake of
Alcian blue by acidic groups involved a salt-linkage between
the positive Alcian blue monomer and the dissociated carboxyl

group of sialic acid6~8. This hypothesis has been criticised
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a number of times in the past.s'15

used by others,15 and ourselves, the pH was sufficiently less

Under the acid conditions

than the pX of the carboxyl group of sialic acid (pK approxi-
mately 2.6) such that the carboxyl group would be largely
associated. Increasing the acid conditions from 3 to 15% HAc
had no effect on the intensity or specificity of the stain
(Fig. 3). However, once the pH was increased past the pK of
sialic acid (pH = 3.5), the staining pattern changed dramatic-
ally (Fig. 4,5). Alcian blue in water at pH = 3.5 caused a
large change in the sgpecificity of the stain. It seemed

| inconceivable that the loss of the acetate ion might be an
important variable, but some support for this suggestion
exists.ll If the staining mechanism did involve a salt-linkage,
then the increase in pH should have markedly increased the
staining intensity for existing bands and not changed the
specificity entirely (Fig. 4,5).

Putt,lO who has advised the use of Alcian blue in
calcium chloride as a routine method for staining mucins,
found increased staining intensity in the presence of this
divalent ion. When the HSS in this study was stained with
Alcian blue in acid, with either 0.5% sodium chloride or
0.5% Calcium chloride, no effect could be visually detected
(Fig. 6). These ions did, however, slightly increase the
staining intensity when used with Alcian blue in water (Fig. 7).
Since both ions produced much the same effect, it would seem

to be a function of increased ionic strength and not a specific
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ion effect. Theoretically, at least, an increase in ionic
strength should decrease salt-linkage interactions by compet-
ing with the cationic stain for ligand binding sites.
We agree with Curran15 that an amide linkage, involv-
ing orientation with the associated carboxyl group, to be
the most reasonable hypothesis. It would also partly explain
the earlier data which favored the salt-linkage mechanism.G“8
Furthermore, the failure of this dye to give good

15,16 17

and fetuin, both of which show

stains for the mucin
the presence of significant sialic acid, raises more doubts
as to the reproducable specificity of this dye when used by
the procedures discussed for electrophoretically separated
molecules. .The sole consistant use for the dye in PAGE that
we have been able to determine was in the identification of
acidic mucopolysaccharides. These compounds give good Alcian

blue stains4’17 17

and do not stain with the PAS procedure,
whereas a glycoprotein invariably gives a PAS stain. Until
these problems can be definitively solved, use of this dye

as a detection method for sialoproteins following PAGE leaves

a great deal to be desired.
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(a) (b) (c) (a)

1.

Alcian blue staining of HSS after incubation with
V. cholera neuraminidase. (PAGE, System A).

(a) incubation control at 0 time

(b) incubation control after 2 hrs

(c) neuraminidase treatment after 2 hrs-
(d) incubation control after 8 hrs

(e) neuraminidase treatment after 8 hrs.

(e)
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(b) (c) (d) (e)

PAS staining of both incubation control and
neuraminidase treatment after 0, 2 and 8 hrs

incubation control
neuraminidase treatment
incubation control

incubation.
(a) 0 hrs
{b) 2 hrs
(c) 2 hrs
(d) 8 hrs
(e) 8 hrs

neuraminidase treatment.
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e

(a) (b) (c)

'Fig. 3. Alcian blue staining of 200 ug HSS with:

(a) 1% Alcian blue in 3% acetic acid
{b) 1% Alcian blue in 7% acetic acid
(¢) 1% Alcian blue in 15% acetic acid.
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(a) (b)

Comparison of Alcian blue staining of 200 ug HSS
in 3% acetic acid and water.

(a) 1% Alcian blue in 3% acetic acid
(b) 1% Alcian blue in HZO at pH = 3.45.
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(a) (b) (c)

Fig. 6. Alcian blue staining of 200 ug HSS stained with:

(a) 1% Alcian blue in 7% acetic acid
(b) 1% Alcian blue in 7% acetic acid with 0.5% NaCl
(c) 1%

Alcian blue in 7% acetic acid with 0.5% CacCl,.

2
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(a) (b) (c)

Fig. 7. Alcian blue étaining of 200 ug HSS stained with:
(a) 1
(b) 1
(c) 1

o°

il

3.45
3.45 with 0.5% NacCl

3.45 with 0.5% CaClZ.

Alcian blue in H,0 at pH

Alcian blue in HZO at pH

oo

oe

Alcian blue in H,0 at pH




