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Preface

This book, the third volume in the series, continues to explore the
application of chemistry to our understanding of the functioning of the
human in health and disease.

It is the objective of the authors to continue to present, in this and
subsequent volumes, the biochemical aspects of clinical chemistry, and to
indicate how this knowledge applies to the diagnosis of disease and
the treatment of the patient. For this purpose, the literature is reviewed
carefully and the findings of the different study groups are integrated,
to present an overall view of the present status of the various fields. The
text is written with the intent to serve in the training of clinical chemists,
clinical pathologists, and medical students in clinical biochemistry. It is
also intended to serve as a reference text for the practicing physician
who desires a more rational approach to the use of the clinical chemistry
laboratory, as an aid in understanding (1) the chemical changes in
disease and (2) the logical use of the laboratory data in the treatment of
the patient.

This volume is concerned with the plasma proteins and their
significance in normal human metabolism. The immunoglobulins
are not included in this study since, along with complement and
clotting factors, they form an integrated system concerned with defense
against invading organisms. These will be discussed in Volume 4 of
this series.

A historical introduction (Chapter 1) is followed by a general
presentation of the composition and properties of proteins (Chapter 2).
The classification of the plasma proteins and the various techniques
used in protein fractionation are reviewed briefly in Chapter 3.

v



vi Preface

This discussion of the individual plasma proteins follows their
natural grouping, in accordance with their function. Major stress is
placed on the normal function of the protein in health and disease. For
example, albumin is discussed as a source of nutrition and means of
transport of important elements and metabolic intermediates to the
tissues (Chapter 4). This is the pattern set for the discussion of the other
plasma proteins (Chapters 5 and 6). In accordance with this approach,
transferrin, ceruloplasmin, haptoglobin, and hemopexin are considered
related in their transport of iron, copper, and the iron-bearing por-
phyrins (Chapters 7-10). This leads naturally to a discussion of iron
and copper metabolism.

In a similar manner the function of prealbumin as a carrier of
thyroxin- and retinol-binding proteins is discussed along with thyroxin-
binding globulin (Chapters 11 and 12). Gc¢ globulin and vitamin D
transport are linked in Chapter 13. The steroid-hormone-binding
globulins (Chapter 14) and transcobalamins (Chapter 15) are discussed,
stressing their significance in disease.

The glycoproteins and the lipoproteins (Chapters 5 and 6) are each
assigned about one-sixth of the total pages in the text. The glyco-
proteins’ mode of formation is indicated, and diseases that result due to
errors in their catabolism, such as fucosidosis and mannosidosis, are
explained. The chemistry of the proteoglycans is related to certain
genetic defects in their metabolism, such as the mucopolysaccharide
storage diseases (e.g., Hurler’s and related syndromes).

The structure, function, and metabolism of the lipoproteins are
explored in detail in Chapter 6, correlated with a discussion of the
genetic and acquired lipoproteinemias, which in turn are related to the
common disease states associated with the lipemias.

For the student of clinical chemistry, certain technical details are
explained in the Appendix, which include an explanation of the con-
vention in naming the steroids and an elaboration of the biosynthesis of
cholesterol and the structures of the phospholipids. A brief explanation
of the significance of the parameters used in the text in characterizing
the proteins is also given.

The text is illustrated with a substantial number of halftones and
drawings, demonstrating the principles being explored. By far, most of
these are from the authors’ own experiences. The more than 2000
references cited have been carefully chosen so that they represent
reviews of various subjects. The text stands supported by these references



Preface vii

and selected readings, which are recommended to the reader for
additional study.

Although it is not the intention of this volume to dwell on the
analytical procedures used for assaying the various proteins, a brief
summary of the principles behind the techniques used is given at the
end of each chapter, to be used as an aid in evaluating the laboratory
findings in the various diseases.

The authors wish to thank Dr. George Mozes of the library staff of
Michael Reese Hospital and Ethel D. Natelson for researching the
reference material. Of special value were the efforts of Dr. Stephen E.
Natelson of the Fort Sanders Presbyterian Hospital of Knoxville in
proofreading the manuscript and contributing to its medical signifi-
cance.

Most of this text was written while the senior author was still at the
Michael Reese hospital, and the authors are grateful to the library and
secretarial staff at Michael Reese Hospital for their valuable assistance.

Samuel Natelson
Ethan Allen Natelson
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Introduction

1.1 HISTORICAL BACKGROUND

The nature of protoplasm was a subject of interest to all biological
investigators after the discovery of the microscope. In the sense it was
used in the 17th and 18th centuries, it referred to the viscous sol in the
cell in which the organelles were suspended. The similarity of this
material to the whites of eggs was noted early and some, such as
Fourcroy at the end of the 18th century, referred to protoplasm as
albuminoid substances or literally, substances resembling the white of an
egg. Berzelius is quoted as saying that serum albumin is the same as egg
white and that the leukocytes are only globular forms of albumin.

Liebig and Mulder, in 1840, analyzed the whites of eggs and the
protoplasm of animal tissues and plasma and came to the conclusion
that these albuminoid substances, which they now called proteins, had a
constant composition as far as carbon, nitrogen, and sulfur was con-
cerned.?? According to Denis, all proteins were therefore the same, and
fibrin was only coagulated albumin.®-®

The invention of a precise method for nitrogen assay by Dumas
showed that all of these albuminoid substances were not the same, and
by 1860 classification of these variously called albumins (Eiweissstoffe in
German), proteins, or proteids by different authors, took note of these
differences.

In 1841 and subsequently,*'% it was noted that dilution of serum
with water, after acidification with dilute acid, resulted in the precipi-
tation of some of the protein. Since acidification of milk precipitated
casein from which cheese was made, the precipitate (globulins) was

1



2 Chapter 1

called casein, whereas the dissolved protein was called albumin. This was
probably the first advance in the fractionation of plasma proteins.

Denis, in studying the solvent effect of salts on blood proteins,
noted that if higher concentrations of MgSO, or Na,SO, were used,
some of the proteins would precipitate. He introduced the term globulin
for these precipitates.® He stated that he derived the term from
Berzelius, who observed the precipitation by salts of the globules of
blood. Berzelius had noted that hemoglobin crystallizes when laked blood
is dried. He called these crystals haematocrystalline and referred to them
as globulins since they were derived from one of the globules (erythro-
cytes) of blood.

The confusion at that point in time is obvious today since these
experimenters did not distinguish, in many cases, between blood,
plasma, and serum, and some even considered the cells to be suspended
proteins. Schmidt in 1862 then applied the term globulin to the proteins
precipitated from acidified plasma, and pointed out that this precipitate
(which included fibrinogen and fibrin) was distinct from the albumin in
solution.” The systematic fractionation of proteins had now begun on a
rational basis by many experimenters, including the physiological
chemists (clinical biochemists) Hoppe-Seyler and Weyl.®:9

What appeared to be a minor improvement in protein fractionation
turned out to be a major advance, when MgSO, and Na,SO, were
replaced by (NH,),SO, by Mehu.?? Hofmeister then ‘succeeded in
1889 in crystallizing egg albumin after precipitation with half-saturated
(NH,),S0,.1 Five years later, Giirber crystallized serum albumin by
a similar procedure.®2 The significance of these achievements can be appreciated
only if one bears in mind that at that time no compound was considered homogeneous
or tsolated unless it was crystallized. Thus it was clearly shown that albumin
was different from the globulins and that proteins were organic com-
pounds which could be purified and isolated. This concept has persisted
until the present time. Notably, Sumner and Northrup were awarded
the Nobel prize in chemistry for obtaining the proteins (enzymes)
urease, pepsin, and trypsin in crystalline form, @3-1®

The development of antitoxins by Behring and subsequently Roux
at the end of the 19th century, motivated the interest of clinical bio-
chemists to study means for isolating these materials from the anti-
serums being developed. It was quickly shown that the antibodies were
in the globulin fraction.®:1® Further studies showed that, after the
antibodies were precipitated by 0.28-0.33%, saturated ammonium
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sulfate more globulin remained in solution. This could be precipitated
by 0.34-0.46%, saturated ammonium sulfate. The fraction precipitated
by the lower concentration of ammonium sulfate was then called the
normal globulins or euglobulins, whereas that requiring higher concentra-
tions of salt was called false globulins or pseudoglobulins. By electrophoresis
it can be shown that the euglobulins are mainly y globulins (~70%,),
the pseudoglobulins being a mixture of the others.®?

At the turn of the century, interest developed in the applications
of electrochemistry to protein solutions, originating in the studies on
ion mobilities or transference numbers by the colloid chemists. As early as
1892, it had been shown that hemoglobin would move in an electrical
field.*® Subsequently it was shown that albumin and globulins were
amphoteric and would move to the anode or cathode, depending upon
the acidity or basicity of the solution.*® The concept of an isoelectric
point at which they did not move at all was then developed. The trans-
port of proteins in an electrical field was referred to as cataphoresis at that
time. Michaelis, using Sorensen’s newly developed concept of pH,
studied this problem in detail, and introduced the term electrophoresis
for the process.?® His value of 4.7 for the isoelectric point (pI) of
albumin is still accepted.

Attempts to unravel the composition of proteins by hydrolysis were
begun as early as 1875. However, the preparations used were impure
and the methods of hydrolysis with Ba(OH), destroyed much of the
protein.®® Drechsler and his student Emil Fischer systematically
studied the composition of proteins by acid hydrolysis and developed
the concept of the peptide bond and that proteins are polymers of
amino acids. By 1900 the concept of a polypeptide had been firmly
established.?? With Abderhalden, Fischer showed that the enzymes
pepsin and trypsin also hydrolyzed proteins to amino acids.®®®

It was found early that proteins insoluble in water were soluble in
weak salt solutions. It was also shown that if the concentration of salts
was increased, the proteins would precipitate. Hofmeister showed that
salts of a certain anion (e.g., NaCl, Ca,Cl, AICl) could be arranged
in a fixed cation order, reflecting their ability to affect the solubility of
proteins. Others extended this idea to different anions (NaCl, Na,SO,,
NazPO,). These lists are known as Hofmeister’s series.24:2% It was
shown that the efficiency in precipitating proteins went up dramatically
with the degree of hydration and charge on the anion or cation.?®

(See Table 1.1.)
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TasLE 1.1

Relative Effectiveness in Protein
Precipitation of Various Ions, Lyotropic®
or Hofmeister Series®

Cations: Ba Sr Ca Mg
Anions: NO; Br Cl SO,

¢ This term is used because the degree to
which the ions are hydrated correlates with
the effectiveness in protein precipitation.

b Efficiency in protein precipitation increas-
ing from left to right.

Independent of Hofmeister’s studies, Lewis and Randall developed
the concept of ionic strength (u) which is equal to half the sum of the
concentration of the ions, ¢, multiplied by their valence squared (72).
Thus, p = % > ¢V2.29 The ionic strength of a 0.1 molar solution of
Na,SO, would be 0.1 + 0.1 + 0.4 divided by 2, or 0.3. This partly ex-
plains the dramatic increase in effect on the solubility of proteins by an
increase in valence as shown in the Hofmeister series.

The application of these ideas on the effect of salts on the solubility
of proteins was used by Cohn in fractionating the plasma proteins
during World War II on a large scale.®®?”-2® His technique of varying
the concentration of alcohol and salts in fractionating serum proteins
lends itself to large-scale production, and variations of his procedure are
still utilized at this writing.

In order to obtain the physical and chemical characteristics of a
protein, a homogeneous preparation is necessary and some criteria for
purity needed to be developed. For this purpose, attempts were made
to arrive at the molecular weights of the proteins. The molecular weights
of proteins had been studied by various techniques since the middle of
the 19th century. At first, the proteins were analyzed for sulfur, and
assuming one sulfur atom per molecule, a maximum value could be
estimated. This was followed by methods for measuring a colligative
property such as freezing point, vapor pressure, and especially osmotic
pressure. Using the latter techniques, estimates of 70,000 were obtained
for serum albumin.®®® This value is close to the actual value of about
66,300.

A major advance in the measurement of the molecular weights and
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homogeneity of the proteins was the introduction of the ultracentrifuge
by Svedberg. The power of this tool was demonstrated when it was
shown that hemoglobin was homogeneous, with a molecular weight of
66,800, showing that each molecule had four iron atoms. Thus the
method of equivalents and the ultracentrifuge complemented each
other.®® Today, almost every protein isolated is studied in the ultra-
centrifuge and its sedimentation constant in Svedberg units is deter-
mined as a necessary part of its identification.

Alongside of the development of the ultracentrifuge, the mobility
studies of proteins in an electrical field continued, resulting in the
development of the Tiselius apparatus for fractionating scrum pro-
teins.®Y The discovery that this procedure could be used for the
diagnosis of certain conditions such as multiple myelomas hastened the
development of an improved apparatus and the use of media other than
the cumbersome electrophoresis in the absence of a supporting medium.
The use of paper, cellulose acetate, starch, agar, acrylamide gel, and a
host of other substances and varied techniques followed. These will be
discussed later in this text.

An important contribution of Tiselius was the replacement of
the terms euglobulin and pseudoglobulin fractions with the electrophoretically
obtained fractions and the development of the concept of «, 8, and y
globulins. He also showed that the antibodies were present mainly in
the y globulins. @V

It was pointed out above that the development of the antitoxins
and serum therapy created interest in the development of methods of
protein fractionation. The development of column chromatography in
the last 25 years, using various media which separate proteins by charge
or molecular weight, coupled with chemical and immunochemical
techniques for identification, have made protein isolation in pure
forms almost a routine procedure. The substances most commonly
used are Sephadex, cellulose, acrylamide, and their derivatives. Salt
precipitation followed by dialysis is still widely used for preliminary
purification.

The introduction of automatic amino acid analyzers, sequencers,
and synthesizing apparatus for polypeptides and proteins has dramatic-
ally shortened the time between the discovery of a polypeptide or pro-
tein and elucidation of its structure. Examination of the quaternary
structure of the proteins by X-ray diffraction is a major subject of study
today.
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Simultaneously with the development of protein chemistry,
development in the understanding of the mechanism of immunization
was achieved. Landsteiner showed that by condensing closely related
aniline derivatives (e.g., o-, m-, and p-toludines) with albumins, and
immunizing animals with this material, antibodies were formed. With
this method closely related proteins could be distinguished. He called
the attached group haptens. Thus he established immunochemical tech-
niques as a method of identifying a particular chemical by binding it to
a protein.®® Quantitative procedures were then developed by Heidel-
berger and Kabat for measuring the amount of antigen or antibody by
precipitin techniques.®® These procedures were the basis for the radial
immunoassays used in the routine clinical laboratory today.

An outgrowth of the application of immunochemical techniques
to the study of protein chemistry was the development of the various
procedures for immunoelectrophoretic identification of proteins.®%
Variations of the original technique of Grabar and Williams are
used for identification of the nature of an apparent aberrant fraction
obtained by electrophoresis of serum. In addition, this technique has
been applied to the study of clotting defects, such as Factor 8
deficiency. Numerous other applications to the identification of proteins
and polypeptides have been used for the diagnosis of disease by routine
clinical analysis.

Immunochemistry played a major role in the resolution of the
differences between the y globulins IgM, IgG, IgA, and IgD. These
techniques led to the discovery of IgE and its relationship to the reagin
of allergy.

It is now apparent that Berzelius was not far afield when, in the 1820s, he
related the ““ globules™ of blood to the plasma proteins. In order to discuss
the clinical biochemistry of the immunoglobulins we need to consider the
leukocytes from which they originate. To discuss the chemistry of the
proteins making up the clotting factors, the platelet must be considered.
We cannot present a clear picture of the function of the various com-
plement components without invoking the macrophage, lymphocyte,
and neutrophil. The chemistry of IgE is meaningless without consider-
ing the chemistry of the basophil and mast cell. For this reason, the
chemistry of the immunoglobulins will be considered in a subsequent
volume together with the proteins of the complement system, clotting
factors, components of the inflammation reaction, and the chemistry
of the leukocytes.
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Protein Composition and Properties

2.1 CHEMICAL COMPOSITION OF PROTEINS

Before discussing the plasma proteins, it is advantageous to first
review the fundamental chemistry of the proteins in general.

Proteins, on hydrolysis with acid, alkali, or enzymes, can be broken
down to amino acids of which glycine is a simple example. The amino
acids contain an amino group and a carboxyl group. Since carboxyl
groups split out water with amino groups to form amides, glycine can
be made to polymerize. In this case we would have the following linear
polymer (the dotted lines separate the glycyl radicals):

A S D S |
H,N—CH,—C—-N—CH;—C—-N—CH,—C--N—CH,—C—- etc.

Polyglycine

Notice that an amino group appears finally at one end and a carboxyl
group at the other. The carboxyl group may occur in the form of the
amide.

If the chain consists of only two amino acids it is called a dipeptide.
If three or more amino acids are linked, then we have a tri-, tetra-, etc.
peptide. If the chain becomes longer, we call it a polypeptide. Chains
with molecular weights above 10,000 are called proteins, although the
line of demarcation between polypeptide and protein is ill defined and
depends mainly on the point of view of the experimenter.

There are 18 amino acids commonly found in proteins, and two
more that also occur not infrequently. Of these, eight are called the

9
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amino acids essential for humans. An essential amino acid is one which
cannot be synthesized in the human. Actually, it is the chain which
cannot be synthesized. For example, alanine is not an essential amino
acid because it can be synthesized from pyruvic acid derived from glucose.

(llﬂa (,]Ha
transaminase
(IZ‘.=O + aspartate EC26112) (IIHNH2 + oxaloacetate
COOH COOH
Pyruvic Acid Alanine

The keto group can be converted to an amino group by trans-
amination from aspartic acid. Similarly, aspartic and glutamic acids
can be synthesized in the body from oxaloacetate and ketoglutaric
acids, respectively, both derived from the citric acid cycle. However,
there is no endogenous source in the body for phenylpyruvic acid. Therefore phenyl-
alanine is an essential amino acid. If phenylpyruvic acid is supplied,
however, from outside sources, then phenylalanine can be made. If
phenylalanine is available, it can be oxidized to tyrosine and thus
tyrosine is considered to be a partially essential amino acid since it is essential in
phenylalanine deficiency.

Proteins comprise a mixed polymer, containing all of the common
amino acids plus ammonia, and can reach molecular weights in excess
of 60,000. These chains can then be cross-linked, often by —S—S—
bonding, as in the immunoglobulins, and by other types of linkages, so
that molecular weights in excess of several million can be obtained.

Since the amino acids have the amino group in the « position, they
can be considered as derivatives of glycine. A typical polypeptide is
shown in Figure 2.1.

(0]
N H,—?H—g—N H—?H—(l:— N H—CH—(IL—N H—CH—(I',!—- N H—C—(i‘.H—COOH
CH, ?H ((I:Hz)4 (I:Hz ?Hz
CH—CHj; NH, CHg S
(I:H, COOH l!I
OH CHs
Tyrosine Isoleucine Lysine Aspartic Acid Cysteine

Ficure 2.1 A typical polypeptide.
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Note that the chain (called the backbone of the polypeptide) is the
same as for polyglycine, and only the groups attached vary. Thus we
can have strongly acidic groups (aspartic acid), weakly acidic groups
(tyrosine, cysteine), neutral groups (isoleucine), and basic groups
(lysine) attached to the polyglycine chain.

A protein comprising a preponderance of basic groups would be
basic in nature, such as the histones. On the other hand, a preponder-
ance of acidic groups would result in an acidic protein. The composition
of specific proteins and their structure may be obtained from the
numerous monographs on this subject (see Section 2.5).

The structures of the most common amino acids are given in Table
2.1. They are arranged to show the group which would be suspended
from the polyglycine backbone of the protein. In polypeptides, the first
three letters of the amino acid are used as an abbreviation. When, with
dicarboxylic acids, the free carboxyl group occurs as an amide, “n”’ is
substituted for the last letter (e.g., Asn for the amide of Asp).

Amphoteric Nature of The Amino Acids

Since the amino acids have carboxyl and amino groups, they are
both basic and acidic. Thus they are amphoteric having both positive and
negative charges. The amino acid can thus exist in three forms depend-
ing upon the pH of the solution:

H,N—CH,—COO- H,N—CH, COO- H,N—CH, -COOH

Negative Charge Zwitterion Positive Charge
(alkaline solution) (isoelectric point) (acid solution)

The word zwitter in German means hybrid, which explains the
term zwitterion for the form with both positive and negative charges.
Actually, careful measurements have shown that even at the isoelectric
point most of the amino acids are in the acidic or basic form, and very
little exists as the zwitterion. At the isoelectric point some amino acid
can also exist uncharged.

The importance of the amphoteric nature of the amino acids is due
to the fact that they can react with either anions or cations. When
polymerized, the proteins formed are also amphoteric, and move to the
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TasLE 2.1

Twenty Most Common Amino Acids Obtained on Hydrolysis of Proteins or Polypeptides,
Separating, for Emphasis, the Groups Which Make Up the Backbone of the
Protein Chain (Polyglycine) from the Groups Hanging from the Chain

Amino Acid Formula
Glycine H - -- - CH(NH,)-COOH
Alanine CH; - - - - CH(NH,)-COOH
Valine® (CH;),CH - - - - CH(NH,) -COOH
Leucine® (CH;3),—CH,—CH - - - - CH(NH,)-COOH
Isoleucine® CH;—CH,—CH(CHj,) - - — - CH(NH,)-COOH
Cysteine HS—CH, -~ - - - CH(NH,)-COOH
Methionine® CH,S—CH,—CH,; - - - - CH(NH,)-COOH
Serine HO—CH; - - - - CH(NH,)-COOH
Threonine® CH,—CH(OH) - - - - CH(NH,)-COOH
Aspartic acid HOOC—CH, - - - - CH(NH,)-COOH
Glutamic acid HOOC—CH,;—CH,; - - - ~ CH(NH,) - COOH
Arginine? H,N—C(:NH)NH(CH,); - - - - CH(NH,)-COOH
Lysine® H,;N(CH,), - - - - CH(NH,) - COOH
Hydroxylysine? H,N—CH,—CHOH—CH,—CH, - - - - CH(NH,)-COOH
Phenylalanine® Ce¢H;—CH,; - - - - CH(NH,) - COOH
Tyrosine® HO—CgH;—CH, - - - - CH(NH,)- COOH
N CH; - - - - CH(NH,)-COOH
1 5|
Histidine? les s
istidine N
H
CH, - - - - CH(NH,)-COOH
Tryptophane® @ . :l
H
i
H—C " 3CH:: _
Proline? H—C? 1 2C_COOH)
|*N \H ’
H \H e
Iil
HO—C CH
Hydroxyproline¢ 2

- - N
H—Cl'-\/l:I /C<COOI-i )
H H H

—

>



Protein Composition and Properties 13

anode or cathode on electrophoresis, depending upon the pH of the
buffer.

2.2 PRIMARY, SECONDARY, TERTIARY, AND
QUATERNARY STRUCTURE

As can be seen from Table 2.1, the polypeptide chain is attached to
radicals of varying charge ranging from plus to minus. For this reason,
as the chain gets longer and can curl up, it does so because of the attrac-
tion of one portion of the chain for another. In this way the molecule
can be curled to form a helix or a random coil, ending finally in a globu-
lar form. This can be seen from Figure 2.2 which also appeared in
Volume 2, p. 386, of this series.

Polypeptide chains can be bound to other similar or different
chains. A most common link occurs by oxidation of cysteine residues on
the chains to form —S—S— linkages between the chains. In this case
the chains can be separated by reduction, to regenerate the —SH
radical. For example, in the immunoglobulins four chains are bound by
—S—S— linkages.

In the case of hemoglobin, four polypeptide chains are bound to
each other by amino acid radicals capable of forming hydrogen bonds,
semipolar bonds, by electrostatic attraction or salt formation. Examples
of such bonding of different chains are lysine and aspartate, tyrosine
and lysine, cysteine and lysine, threonine and proline, and others.
For this reason, dissociation of the chains of hemoglobin (Hb) takes
place in concentrated solutions of urea, as shown by molecular weight
estimation of Hb with the ultracentrifuge (see Section 9.1.3, Volume 2).

The primary structure of a protein refers to the sequence of the
amino acids in the polypeptide chains starting from the amino end of
the chain.

<
-

@ The eight “essential”> amino acids in the human.

® In rats, synthesis of arginine and histidine are too slow and therefore they are essential to
this animal.

¢ Can be made from phenylalanine in the human. In phenylketonuria this cannot be done
and tyrosine becomes an essential amino acid.

4 Hydroxylysine and hydroxyproline are present in collagen. In Marfan’s syndrome, a
collagen disease, they appear in the urine. In proline and hydroxyproline the portion of
the molecule incorporated in the chain is encircled with a dotted line.
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Ficure 2.2 Schematic representation of the helix structure of the globins. Hydro-
gen bonding maintains the rigid structure. There are 3.6 amino acids per turn, on
the average, hydrogen bonding occurring between an NH group and the C=0
group four residues back.

The secondary structure refers to the organization into stable helices
and connecting amino acids.

The tertiary structure is the manner in which the polypeptide chains
are folded into a three-dimensional figure. The tertiary structure of
myoglobin is shown in Figure 9.2, Volume 2 of this series.

The quaternary structure, refers to the manner in which the poly-
peptide chains, comprising the protein, are linked to each other. In the
case of hemoglobin, this refers to two pairs linked together for a total of
four polypeptides. On the other hand, albumin and myoglobin are
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single polypeptide chains, and there would not be a quaternary struc-
ture to consider.

2.3 PROTEINS IN SOLUTION

Technically speaking, a protein does not dissolve in water. Instead, it
imbibes water and swells until the boundaries of the protein molecule
are the same as the boundaries of the solvent. For this reason, when
reconstituting lyophilized serum, it is necessary to agitate the lyophilized
serum with water for at least one half hour in order to complete the
swelling process.

A solution is a molecular dispersion of one phase in another. It has certain
characteristic properties. For example, it does not show the Tyndall
effect. That is, when illuminated at right angles to the viewer, it does not
show a cloudy beam of light. A protein ““solution’’ does not meet these
criteria.

Dispersions of one phase in another, such as proteins in water,
emulsions, stable clay suspensions, etc., are referred to as colloidal suspen-
soids or emulsoids. The term suspensoid is reserved by some colloid
chemists to refer to colloids whose charge only maintains them in sus-
pension by electrostatic repulsion. Gold sols, such as those obtained
when performing the colloidal gold test with spinal fluid, are typical
suspensoids. Where the particle remains suspended in a solvent because
of its charge, plus a water envelope surrounding each particle, the sol
is referred to as an emulsoid. The terms suspensoid and emulsoid should
not be confused with the terms suspension or emulsion. A suspension is a
dispersion, such as sand in water which settles out. The word emulsion
is reserved for stable dispersions of oils in water. Notice the use of the
general term sol for colloidal dispersions of all types.

A protein “solution”” would be classified as a colloidal emulsoid
because the molecules are charged, and because each molecule holds
an envelope of water around it. This whole system is called a macelle.
This term was first introduced by Nigeli. Each molecule of protein
remains suspended not only by repulsion of like changes but also by
random bombardment of water molecules. When dehydrated, several
protein molecules share one envelope of water. This phenomenon is
called coacervation. Finally, if the charge of the protein is neutralized, it
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Charged

Water Protein

Envelope

dehydration
combination

charge
neutralized

Micelle Coacervation Precipitation

Ficure 2.3 Schematic representation of the nature of the protein micelle and the
steps in its precipitation.

will precipitate (coagulate). This is illustrated schematically in Figure
2.3.

Since the amino acids which comprise the protein are amphoteric,
the protein is amphoteric and has —COO~ and —NHj;* groups on its
surface. Thus it can adsorb anions and cations depending upon the pH
of the solution. At alkaline pH, the negative charges predominate and
the proteins move to the anode. At acid pH, they move to the cathode.
At some intermediate pH they do not move in either direction, since the
charges are balanced. This is the #soelectric point of the protein (pI), and
is one of its characteristics. Since this point depends upon the salts
adsorbed, it is often not a true indicator of the acidic or basic nature of
the protein. It is often noted that, as the concentration of buffer is
decreased, the isoelectric point shifts toward a pH at which the charges
on the protein, because of the —COOH and —NH, radicals on the
surface, are balanced. This may even result in a change of direction of
movement in an electrophoretic field at different buffer concentrations.
For this reason, the mobility of a protein in an electrophoretic field needs to be defined,
not only in terms of the nature of the buffer, since different anions are adsorbed
differently, but also in terms of the buffer concentration.

In precipitating proteins with Bloor’s reagent (alcohol-ether, 3:1),
the water envelope is removed, causing the plasma proteins to precipi-
tate. On addition of water they will dissolve instantly since they still
retain their charge. If a salt solution such as ammonium sulfate is added,
the charge is neutralized causing precipitation. In most cases, when
precipitating plasma proteins for the purpose of their isolation, both the
charge and water envelope are removed. If the protein is to be removed
as an impurity, it is often denatured so as to ensure its elimination.
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If a protein is heated so that chemical reactions can take place
between groups of adjacent molecules, then the protein will harden and
separate as in boiled milk. The protein is then said to be denatured. The
reactions which take place include the oxidation of —SH groups to
form —S—S— groups, the splitting out of water from a carboxyl group,
as from aspartic acid, and an amino group, as from lysine, to form an
amide (RCOOH + H,NR — R-C:O-NH-R), ester formation, and
condensation with the phenolic groups of tyrosine. Thus the polypeptide
chains are bound tightly together to form a plastic material like hair or
nails. The denatured protein then becomes insoluble in water and
precipitates. Denaturation also refers to an irreversible unfolding of a
polypeptide chain or partial fragmentation of the chain so that its
activity or characteristics are changed. Dissociation of intact polypeptide
chains which make up a protein will often result in denaturation.
Catalase is an example of a protein which loses activity when the intact
chains are separated. Recombination of the chains restores catalase
activity.

Protein precipitants commonly used are trichloroacetic, perchloric,
tungstic acid, phosphotungstic, phosphomolybdic, and metaphosphoric
acids. Bases such as zinc and cadmium hydroxide are also employed.
Heavy metal salts such as those of uranium and lead have served in the
past. In each of the above cases, the proteins are at least partially
denatured. Where the proteins are to be recovered, milder agents such
as Na,SO,, (NH,),SO,, dilute alcohol, or acetone solutions are useful.

For the proteins to be acted upon by the enzymes of the intestinal
tract, it is best that they be precipitated and denatured. Removal of the
water envelope and charge is necessary so that the protein can bind to
the hydrolytic enzyme. Thus the hydrochloric acid in the stomach
denatures proteins so that they can be attacked by pepsin, which further
denatures them for processing in the small intestine,

Proteins in Gels

If the molecule of the protein is long and rigid, it can be attracted
to another molecule, aligning oppositely charged groups against each
other. Hydrogen bonding is also present since the hydrogen of an —OH
group is attracted also to a —C=O0 group, for example. In this way
the molecules will line up, all oriented in the same direction. Gelatin
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is a protein of this nature. For this reason gelatin sols will form a gel
readily.

If a gelatin gel is vigorously shaken, so that the molecules become
disoriented, then the gel liquefies. On standing, it will gel again. This
phenomenon is called thixotropy. With the molecules all oriented in the
same direction, they are gradually pulled together, squeezing out the
liquid which was held in the gel by capillary forces. Thus the gel will
contract, get harder and water will float above it. This phenomenon is
called syneresis; these phenomena are illustrated in Figure 2.4.

The events shown in Figure 2.4 take place when plasma clots. The fibrinogen
molecules are ellipsoids which move at random through the solution.
When acted upon by thrombin, short polypeptides (fibrinopeptides)
are split from the molecules, causing the ellipsoids to adhere to each
other, generating the long fibrin molecules. Clotting then proceeds as in
Figure 2.4. In fact, clotting is gel formation. As the clot ages, syneresis takes
place, squeezing out the serum from the clot. This can be seen with
clotted blood, as it stands. This process is aided by an actomyosin system
(thrombosthenin), derived from the platelets, which contracts and

(2]

el
(molecules disoriented) (molecules oriented )

water
=== <7 NI
===|» N0
Syneresis Denaturation
(gel contracts) (irreversible precipitation)

FiGURE 2.4 Schematic representation of the changes in molecular orientation
which result in gel formation and denaturation.
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accelerates the pulling together of the fibrinogen molecules, resulting in
synerests.

In the following pages the plasma proteins are discussed in greater
detail with emphasis being placed on their properties and function in
health and disease.

2.4 RECAPITULATION

Polypeptides are composed of amino acids, polymerized so as to
form a polyglycine chain to which are attached a variety of acidic, basic,
and neutral radicals. By means of hydrogen bonding and secondary
valences, the polypeptides fold into a spiral, or form a random coil.
Polypeptide chains may bind to one another by secondary valence
bonds, or —S—S— linkages, to form high-molecular-weight proteins.
Some proteins, like albumin and myoglobin, comprise a single chain.

Protein solutions in water are colloidal sols. The proteins are held
in suspension by their charge and a water envelope. This system is then
called a micelle (microcell). On the surface of the proteins are a plurality
of both positive and negative charges which react with both positive and
negative ions in the solution in which they are dissolved. Thus their
properties in the electrical field (electrophoresis) are partially a function
of adsorbed ions and thus depend on the nature of the buffer and pH at
which the experiment is carried out. For this reason, it is not surprising
to find that resolution in a borate buffer, for example, is different from
that in a phosphate or barbiturate buffer.

Proteins whose molecules are elongated will tend to be aligned in
solution to form a rigid gel. The molecules then are drawn together,
squeezing out the water which now floats on top of the gel. Clotting of
blood is an example of this phenomenon.

When proteins are caused to unfold, or when polypeptide chains,
which comprise a protein molecule, are caused to dissociate from each
other, the protein loses its characteristics and is said to be denatured. 1f
heated or acted upon by enzymes so as to cause cross-linking of the
polypeptide chains, the proteins become irreversibly denatured.
Examples of such proteins are hair and fingernails.

Precipitation with solvents such as alcohols, acetone, and ether
removes the water envelope from the protein molecules and they
precipitate but are usually not denatured. Precipitation with salts such
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as (NH,),SO,, NaCl, or MgSO, will also often not denature the pro-
teins. However, precipitation with trichloroacetic and tungstic acid or
heavy metals often will denature the proteins.

The primary structure of a protein describes the sequence of amino
acids in the polypeptides which comprise the protein. The secondary
structure describes the way the polypeptides are folded or coiled. The
tertiary structure describes the three-dimensional figure formed from the
proteins. The quaternary structure describes the way the polypeptides
comprising the protein are bound to each other.
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When blood is drawn, allowed to clot, and centrifuged, the super-
natant obtained is called serum. Serum, in addition to other components,
contains all the proteins of the blood other than those involved in the
clotting mechanism (mainly fibrinogen) and the cell proteins. If the
blood is mixed with an anticoagulant, such as heparin, or a calcium
complexing agent, such as sodium fluoride or ethylene diamine tetra-
acetate, and then centrifuged, the supernatant obtained is called plasma
and contains all the proteins of serum, plus fibrinogen and other clotting
Jactors. The proteins of the plasma may be divided into three main
categories: albumin, the clotting factors (including fibrinogen), and the
globulins. The globulins include the proteins of the complement system,
the immunoglobulins, and numerous other proteins with special
functions (Table 3.1).

In discussing the plasma proteins, the numerous proteins and poly-
peptides which are carried by the blood and are not manufactured by
the liver or reticuloendothelial system will not be included at this time. For
this reason, the enzymes, many of which are discussed in Volume 2 of
this series, and the polypeptide hormones are not considered in this
section. The components of the clotting and complement systems are
also not included, except for C3 which occurs in high concentration
in the serum, since they will be considered in a succeeding volume.
Antithrombin IIT is considered part of the clotting system and is
not included. Fragments of proteins, such as the heavy and light chains
of the immunoglobulins are also not considered here. Proteins which
appear in significant quantities only in disease states are also not listed
in Table 3.1. This includes carcinoembryonic antigen (CEA) and
a-fetoprotein.

21
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It is apparent, that any listing of the *“ plasma proteins,” as distinct from other
proteins found in the plasma, for reasons of practicality, needs to be arbitrary.
Others (e.g., certain enzymes) have been described in Volume 2. Some
(e.g., the immunoglobulins, clotting factors, and complement) will be
presented in Volume 4 of this series. Other proteins, with special func-
tions, will be discussed in subsequent volumes.

3.1 CLASSIFICATION

The plasma proteins are listed in Table 3.1. All have a significant
half-life of at least a week and are considered constant components of
plasma. Concentration, as can be seen from Table 3.1, ranges from
0.06 mg/100 ml for IgE to 4000 mg/100 ml for albumin. Molecular
weights range from 12,000 for 8, microglobulin to almost one million
for IgM.

In the classification of the plasma proteins, there is no scheme which
serves the purpose perfectly. We have arbitrarily, for convenience
divided the proteins into a few major classes. First, the proteins which
primarily carry nutrients to the cells. These include albumin and the
lipoproteins. Second, the transport proteins which carry other sub-
stances, whose prime function is to supply some chemical, necessary for
normal cell metabolism, in small quantities. This includes transferrin,
ceruloplasmin, the proteins which transport vitamins A and D, trans-
cobalamines, and those concerned with steroid hormone transport, as
examples. The term glycoprotein applies to almost all proteins, and these
are discussed as an example of the mechanism of protein synthesis. We
classify the proteins of the complement, clotting, and immunoglobulins
as proteins concerned with defense against disease.

The lipoproteins, HDL, LDL, and VLDL share the functions of
carrying various lipids and are a natural group for discussion. These,
along with albumin, are in fact transport proteins since they serve to bind
and transport metabolities. Other transport proteins listed in Table 3.1,
which function to transport a specific biologically important compound,
are proteins carrying hydrocortisone (TC, transcortin), thyroxin (TBPA,
thyroxin binding prealbumin, and TBG, thyroxin binding globulin),
vitamin A (RBP, retinol binding protein), copper (Cp, ceruloplasmin),
iron (Tf, transferrin), heme (Hpx, hemopexin), and hemoglobin (Hp,
haptoglobin). To these should be added vitamin B, (transcobalamins),
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discussed in Volume 2 of this series, and Gc globulins, which transport
vitamin D.

Almost all proteins carry small amounts of bound carbohydrate in
their structure. However, others carry substantial quantities of carbo-
hydrate of from at least 10 to as high as 40%,. These precipitate from
serum when diluted 160-fold by 95%, ethanol (e.g., 25 ul serum plus
4 ml ethanol). The precipitate is then referred to as containing the
glycoproteins. The glycoproteins, which carry in excess of 307, of carbo-
hydrate, are often referred to as mucoproteins. These will not precipitate
with 7%, perchloric acid, but will precipitate with 5%, phosphotungstic
acid.

Among the glycoproteins are the haptoglobins, hemopexin, and at
least ten others, in the prealbumin, «,, and «, electrophoretic fractions.
Those in higher concentration are listed in Table 3.1. In this volume,
the glycoproteins other than those with special function, such as the
complement and clotting factors, which are all glycoproteins, will be
discussed as a group.

Other proteins, which do not lend themselves to ready classification
in the above groups will be discussed separately at appropriate places in
the text. For example, proteolytic enzyme inhibitors, such as the anti-
trypsin and «, macroglobulin will be discussed in Volume 4 of this
series together with the clotting factors and antithrombin.

3.2 PROTEIN FRACTIONATION

Fractionation of the plasma proteins has been studied by four
techniques:saltand alcohol or acetone fractionation, ultracentrifugation,
electrophoresis on various media, and column chromatography with
Sephadex or DEAE-cellulose. Of special use, where prothrombin and
related substances are concerned, is the technique of concentration by
total adsorption on a substance such as magnesium hydroxide, barium
sulfate, barium stearate, tantalum oxide, or Celite followed by elution
with a strong salt solution such as sodium citrate.

Identification and assay of the plasma protein, present in lower
concentration, is now commonly done by adsorption to an antibody
which itself is adsorbed to or combined with an insoluble support. If the
antibody is attached to an inert support in a column, the protein may
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be separated in one pass. It can then be washed and eluted, producing
a homogeneous preparation. This is known as affinity chromatography.

3.2.1 The Serum Electrophoretic Pattern

Studies of the movement of ions and colloids in electrical fields in
solution go back to the middle of the 19th century. At that time,
Hittorf studied the relative rates of appearance of anions and cations at
the electrodes.® The term transference numbers was applied as a measure
of the relative mobility of the ions.® The transference number of an ion
is the fraction obtained by dividing the current carried by that ion by
the total current carried by both ions.

The equipment used for measuring ionic mobilities by the moving
boundary method resembled very closely the apparatus used by
Tiselius® for the same purpose with serum (Figure 3.1).

Ficure 3.1 Comparison of the (a) Findlay apparatus (1909) for measuring trans-
ference numbers with the (b) Tiselius apparatus (1934).
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3.2.2 Moving-Boundary Electrophoresis

Cataphoresis is the study of glues, gelatin, hemoglobin, and other
colloids by the moving boundary procedure. Cataphoresis is considered
a special form of electroendosmosis.® In electroendosmosis, a voltage
applied in the presence of an electrolyte at both ends of a glass capillary
causes the liquid to move towards the cathode. The water is positively
charged relative to the wall of the capillary. In this procedure, the
liquid moves and the solid phase (glass) remains stationary, whereas in
cataphoresis, the solid phase (e.g., glue, gelatin, gum mastic) moves and
the liquid is stationary (see Figure 3.2). Thus the two procedures were
considered equivalent.®)

Michaelis introduced the term electrophoresis, since the proteins being
studied moved to the anode or cathode, depending upon the pH of the
solution. The movement of proteins in an electrical field continued to be
the subject of study, and in the late 1920s and early 1930s Longsworth,
at the Rockefeller Institute in New York, developed an improved
apparatus for this type of study.® Tiselius, coming from Svedberg’s
laboratory, joined this group and further improved the Longsworth
apparatus.®® He finally published his findings on the electrophoresis of
the plasma proteins by the moving boundary method in 1937.¢6®
Figure 3.1 compares the Tiselius apparatus with the Findlay apparatus
used for measuring transference numbers.” In the Findlay apparatus,
applying the two clamps permits removal of the contents of the com-
partment containing the material being studied. In the Tiselius
apparatus, this is accomplished by sliding the section desired over to
one side. The flanges on the Lucite section keep the liquid from flowing.
The temperature in this apparatus is kept at 4°C.

With the Tiselius apparatus, the location of the proteins is measured
by a change in refractive index using a cylindrical lens (Schlieren lens).
Alternatively, the solution can be scanned with ultraviolet light. The
importance of this contribution was that it clearly divided the proteins
into four groups, albumin and the «, 8, and y globulins. Subsequently
the protein trailing the albumin fraction was resolved and labeled the
a; fraction.”® Thus we have «; and o, fractions. Figure 3.3 shows the
electrophoretic pattern as obtained with the moving boundary pro-
cedure. Electrophoretic mobility is still measured by the moving
boundary method and is given in units of cm? V-1sec~! at 0°C at
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Ficure 3.3 Tracing from a Schlieren diagram of the electrophoretic pattern
obtained in the descending limb of the Tiselius apparatus.

pH 8.6. Since this unit is very small, it is usually multiplied by 10°% and
referred to as the Tiselius unit.

3.2.3  Zone Electrophoresis

Zone electrophoresis refers to the separation of the proteins into
bands on a supporting medium, as distinct from the moving boundary
procedure.

By the 1920s electrophoresis was being studied on supporting
media such as paper. Attention was paid especially to the movement of
ions in an electrical field by several investigators.® Electrophoresis on
paper was extended soon to plasma and serum by Tiselius and others.1®
The discovery that paper electrophoresis could be used in the routine diagnosis of
disease, especially multiple myeloma, lipoid nephrosis, agammaglobulinemia and
others, caused its wide adoption by clinical laboratories in the 19505.*V Figure 3.4
illustrates the electrophoretic patterns obtained with paper in the normal
adult and in various diseases.
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Ficure 3.4 Paper electrophoretic patterns obtained with normal adult serum and
in certain disease states (Whatman, 3mm chromatography strips, pH 8.6, barbitu-
rate buffer, 0.05 M, 16 hr, 5 V/cm). In descending order from top to bottom: normal
adult, viral hepatitis (polyclonal), lipoid nephrosis, leukemia myelogenous, mye-
loma, (IgM), myeloma (IgG).
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Ficure 3.5 Serum electrophoretic pattern obtained with cellulose acetate at pH
8.6. The various proteins of Table 3.1 are placed according to their position in the
electrophoretic field and their approximate molecular weight. A logarithmic plot
of molecular weights is used. Mobility is that observed with the Tiselius moving-

boundary

system.
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The problem with paper was that it required 16 hrs before adequate
resolution of the fractions was obtained. The hydroxyl groups on the
cellulose, and probably some carboxyl groups, caused trailing and re-
duced the resolution of the patterns. To reduce trailing and speed up
the process the paper was acetylated. In other words, cellulose acetate was
prepared. This dissolves in organic solvents and can then be spread on a
glass surface to form a thin layer of porous cellulose acetate, on evapora-
tion. Somewhat improved resolution was obtained with this medium,
which is now widely used in the clinical laboratory.®? In Figure 3.5
an electrophoretic tracing obtained with cellulose acetate is arranged so
as to locate the different proteins listed in Table 3.1.

Separation of all major plasma proteins was not achieved with
cellulose acetate and other media were explored so as to obtain greater
resolution. Starch block was used successfully in resolving hemoglobins,
and led to the isolation of hemoglobin A,.@®

Fine resolution was not achieved until the introduction of starch
gel.1® This medium led to the separation of numerous globulin frac-
tions particularly haptoglobins, hemopexin, and Gc globulins. However,
it is a difficult procedure, requiring a cold room and special care in
preparing the starch gel. A marked improvement was obtained when
acrylamide gel was used resulting in the resolution of the plasma proteins
to at least 20 to 25 fractions.'® Figure 3.6 illustrates electrophoresis
with acrylamide gel. At least 15 bands are noted with this system.

/A
g B -

e - wam +—— C

Ficure 3.6 Resolution obtained with
—D acrylamide gel. A are the gamma
globulins, B contains the haptoglobins.

C is the transferrin band, and D is
albumin.
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Ficure 3.7a Electrophoresis of normal human serum on agar. Courtesy of C. B.
Laurell, Dept. of Clinical Chemistry, University of Lund, Malmé General Hospital,
Malmé, Sweden.

From the end of the 19th century, the movement in an electrical
field of colloids, cells, proteins like hemoglobin, and various gums were
studied, in a film of agar, on a microscopic slide. With the microscope,
the Tyndall effect was employed to observe the moving boundary.®

Improvements in the quality of agar available resulted in highly
purified agarose. This was developed originally for immunochemical
precipitin studies. It proved to be an excellent medium for the resolution
of the lipoproteins by electrophoresis.*® It also permitted the develop-
ment of various ways of combining the resolution of proteins by electro-
phoresis and the specificity of antibodies for specific proteins. Figure
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Ficure 3.7b  Electrophoretic patterns
D on purified agarose, comparing the
normal with pathological sera. The
numbers represent the major fractions:

E 1, albumin; 2, alpha-l-antitrypsin; 3,
F alpha-2-macroglobulin; 4, hapto-
globin; 5, transferrin; 6, beta-lipo-
G protein; 7, C3 complement; and 8,
gamma globulin. The letters represent :
H A, normal; B, hyperbilirubinemia with
bilirubin-conjugated albumin; C,
| alpha-l-antitrypsin  deficiency; D,
nephrotic syndrome; E, protein losing
J enteropathy; F, haptoglobin deficiency
due to hemolytic anemia; G, hyper-
K betalipoproteinemia; H, deficiency of
C3 complement; I, hypogamma-
L globulinemia; J, hepatic cirrhosis; K,
IgG multiple myeloma; L, IgA
M multiple myeloma; M, IgM multiple
N myeloma; N, Bence-Jones proteinuria

with two monoclonal zones in gamma
region; O, cerebrospinal fluid in
0 multiple sclerosis. (Courtesy of Tsieh
Sun, Ann. Clin. Lab. Sci. 8:221 (1978).)

3.7a is an electrophoretic pattern of human plasma on purified agar.
Note the resolution of the g lipoprotein from C3 and transferrin. Figure
3.7b shows the resolution of the plasma proteins with purified agar, in
various disease states.

In immunoelectrophoresis, the proteins are resolved by electrophoresis.
Antibodies placed in a trough alongside the electrophoretic path diffuse
into the gel and delineate the various proteins.2” An example of this
type of pattern is shown in Figure 3.8.

For quantitative purposes, antibody to a specific protein may be
distributed in the gel, and the serum subjected to electrophoresis. The
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B—
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Ficure 3.8 The resolution of proteins obtained with immunoelectrophoresis from
serum of patients with viral hepatitis. The arcs labeled are (1) IgG; (2) IgM; (3)
IgA; (4) hemopexin; (5) transferrin; (6) cz macroglobulin; (7) Haptoglobin; (8) Gc
globulin; (9) «; acid glycoprotein; (10) albumin.

The antisera in the troughs are (A) anti-whole human serum (B) anti-IgG, and (C)
anti-IgA. Note the markedly elevated IgG and IgA. Photographic procedure de-
scribed by Century, B., Vorkink, W. B., and Natelson, S., Clin. Chem. 20:1446
(1974).

higher the concentration, the further the protein will move and still
form a precipitating arc. This technique has been referred to as rocket
electrophoresis.*® One routine application is the detection of clotting
factor 8 in plasma. Figure 3.9 illustrates rocket electrophoresis. Alterna-
tively, two or more antibodies are used in the gel. Since the proteins
have different mobility they are easily resolved (Figure 3.10).

A variation of rocket electrophoresis is referred to as crossed
immunoelectrophoresis.*® Agarose gel electrophoresis is performed in the
usual way in the absence of antibody. The agarose strip containing the
pattern is inserted into a plate containing antibodies to human serum.
Electrophoresis is then conducted at right angles to the original direc-
tion. Thus the various proteins move into the gel containing the anti-
body, forming rocketlike figures (Figure 3.11).
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Figure 3.9 Illustration of the pat-
terns obtained with rocket electro-
phoresis. The gel contains antibody
to human albumin. The four peaks
in the center show a typical standard
curve. The others show the repro-
ducibility of the procedure. The
serum is deposited in the well and the
electric voltage applied. (Courtesy
of Dako-Immunoglobulins, Ltd.,
Copenhagen, Denmark.)

A variation of the electrophoretic procedure in gels is the system of
isoelectric focusing. In this procedure an ampholyte is dissolved in the gel
(e.g., acrylamide gel) so as to create a pH gradient when the electrical
field is applied. The protein that is sought moves to an area where it is
at the pH of its isoelectric point and remains there for isolation. This
has been used for the purification of certain specific proteins such as the
clotting factors and hemoglobins.2®

If sodium dodecyl sulfate (SDS) is added to serum before electro-
phoresis is carried out, the protein surfaces begin to resemble one

Ficure 3.10 Double-rocket
electrophoresis.  Simultaneous
quantitation of IgG and IgA.
The gel contains antibodies to
the heavy chain of IgG and
IgA. The standard curve com-
prises the three center patterns.
The dark, cigar-shaped patterns
represent the precipitated IgG.
The lighter patterns are the
IgA precipitates. (Courtesy of
Dakopatts Co., Denmark.)
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Ficure 3.11 Two-dimensional electrophoresis of normal human serum (2 ul)
plus | pl prealbumin as an internal standard in a gel to which rabbit antihuman
serum has been added after the first electrophoretic run. Over 40 peaks are seen,
some are identified. (Courtesy of Biorad Corp, Richmond, Calif.)

another. This is due to the fact that the fatty chain is held by the
protein, leaving the sulfate residue exposed. The proteins then differ
only in molecular weight and not in surface charge as far as the separa-
tion medium is concerned.®? This is referred to as SDS electrophoresis,
and with the help of suitable standards it can be used to obtain a
rough estimate of the molecular weight of a particular protein. Figure
3.12 is an SDS electrophoretic pattern of human serum on acrylamide
gel.

3.2.4 The Ultracentrifuge

The development of the ultracentrifuge by Svedberg in the 1920s
and 1930s permitted the characterization of colloids and then proteins
by their sedimentation rate.?® This is a function not only of the
molecular weight but also the specific volume and frictional ratio. The
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Ficure 3.12 Pattern obtained in
acrylamide gel with human serum
after adding sodium dodecyl sulfate
to the serum. (Courtesy of Amadeo
Pesce, University of Cincinnati.)

frictional ratio is a measure of the distortion from a sphere that the
protein exhibits. Thus a high frictional ratio means an elongated
molecule. (See Appendix, page 538.)

The ultracentrifuge was first applied to serum in 1935.23.29
Results were disappointing and all that could be said was that there
were at least two fractions in normal serum, one of which was albumin.
However, an “X-protein’’ was noted whose sedimentation coefficient
varied with the density of the solution. This was identified in 1950 as the
low-density lipoprotein.®® Thereafter numerous laboratories purchased
analytical ultracentrifuges for characterizing various types of lipemia
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and studied their relationship to atherosclerosis. This technique has
been replaced largely by electrophoresis and other procedures for
characterizing the lipoproteins. However, for various other uses,
including fractionation of cells into their components and isolation of
various proteins, the ultracentrifuge has wide application.

In succeeding chapters each of the major components of the plasma

proteins will be discussed in detail.
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Albumin in Nutrition and Transport

As pointed out in Section 1.1, albumin literally means egg white.
A distinctive characteristic of albumin, noted early, is the fact that it is
coagulated by heat. This was observed when eggs were boiled. When
milk was boiled, the film of coagulate, formed at the surface, was recog-
nized as albumin, as distinct from casein which does not coagulate with
heat. It was also recognized that urine from some patients formed a coagulate with
heat. To distinguish this coagulate from other precipitates which form,
the urine is heated after adding a few drops of acetic acid. The presence
of albumin in the urine as an indication of kidney disease has been noted
from the middle of the 19th century.

Albumin possesses no enzymatic nor hormonal properties, although it does
tnhibit or enhance the activity of various enzymes. It serves three major func-
tions in the body: First it is of nutritional value serving as a source of amino
acids and protein in cellular metabolism.®) Second, it is involved in main-
taining the osmotic pressure of the blood. Albumin accounts for 75%, of the
colloid osmotic pressure of plasma.® A significant decrease of albumin level
in the blood is usually accompanied by edema of the tissues. It is also responsible,
to some extent, for the osmotic gradient observed in the kidney (see
Volume 1, p. 298). This is intimately related to normal kidney func-
tion.® The third major function is as a carrier or solubilizer for certain substances,
such as_fatty acids, bilirubin, and certain anions and cations. In this regard it is a
major means of transport of these substances.

4.1 PHYSICAL AND CHEMICAL PROPERTIES
OF ALBUMIN

Both bovine and human albumin were isolated in a high degree of
purity toward the end of the 19th century.*® In crystalline form,
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albumin is usually obtained as the oleate, palmitate, or stearate.® Free
albumin is difficult to crystallize.

The fatty acids cannot be removed by ion exchange except at low
pH. At pH 8.6 on paper or other media, serum albumin gives rise to a
single band. At pH 5.1, the albumin complex with fatty acids separates
from the free albumin, resulting in the formation of a double band.™
Albumin may also combine with itself to form a dimer. For this reason a
faster settling band is often observed on ultracentrifugation.®

Albumin is composed of one polypeptide chain, coiled to form a
globular molecule.®®-*? This is shown in Figure 4.1. There are 16 disul-
fide bonds (—S—S—) from cysteine to cysteine residue, as indicated in
Figure 4.1. This explains the stability of the molecule. From the structure
in Figure 4.1, a molecular weight of 66,248 is calculated. This is similar
to values obtained from the sedimentation constant, diffusion, and other
procedures. The molecule shows a sedimentation constant at 20°C of
4.6 x 1072 and 6.5 x 10~13 Svedberg units for the monomer and
dimer, respectively.*? Its diffusion constant is 6.1 x 10~7 units.®? Its
partial specific volume is 0.733. This is the reciprocal of its specific
gravity. The frictional ratio (f]f,) is 1.28, confirming a prolate ellipsoid
of 140 x 40 A in size.@® Its electrophoretic mobility, in Tiselius units,
is 5.9 toward the anode at pH 8.6 and ionic strength 0.15. The nitrogen
content of albumin is 16.46%,. Traditionally, a value of 16 or 16.25%,
has been used as the nitrogen content of albumin.

Albumin absorbs light at 279 nm mainly because of its tryptophan
content. The absorbance at 279 nm for a 0.1%, solution (ALgaier) is
0.531. Its isoelectric point at ionic strength of 0.15 is 4.7. Its isoionic
point extrapolated to ionic strength zero is 5.2.

Approximately 48%, of the molecule is arranged as the « helix and
approximately 15%, is in the B pleated sheet form. The rest is wound to
make up the globular molecule.

Albumin will also fluoresce, the excitation wavelength being at 279
and the emission wavelength at 343 nm. This is due mainly to its
tryptophan content.

4.2 MICROHETEROGENEITY OF SERUM ALBUMIN

At acid pH 2-5 the albumin molecule expands, as indicated by
ultracentrifugal, diffusion, and other measurements. The molecule
becomes more elongated without change in molecular weight, the
helices tending to open up so that the interior parts become more



Albumin in Nutrition and Transport 47

accessible.%:1% The molecule becomes more soluble in ethanol, indicat-
ing that hydrophobic parts have been exposed. There are thus fewer
sites for binding dodecyl sulfate. In addition, approximately 50 more
carboxyl residues become exposed.

The fact that more than one form of albumin exists at acid pH can
be shown by an inhomogeneous band on gel electrophoresis. The term
microheterogeneity was applied to indicate this and to distinguish it from
the tendency of albumin to polymerize (macroheterogeneity) and the
various genetic variations of albumin found in different individuals (see
Section 4.4).9

If electrophoresis of pure albumin is carried out between pH 3.5
and 4.5, two bands will be observed. The more rapidly moving peak is
called the F form (faster) and the slower moving peak is called the N
Jform (normal). The amount of each formed depends upon the pH. The
data obtained could be represented by the equation, N + 3 H* — F,
more of F forming as the pH is lowered.®™ These observations, along
with data obtained of the effect of 8 M urea on albumin solutions, which
has a similar effect, suggest that the F form is a result of the unfolding
of the N form of the albumin molecule, which is the stable form above
pH 4.0.9® This unfolding has been demonstrated with the electron
microscope.® The change from N to F form is rather abrupt and takes
place at pH 3.5.

At alkaline pH 9, electrophoresis also shows that some isomerization
begins to take place. This process is accelerated by heating to 65°C or
exposure to 2 M urea solutions. At pH 11.4 the molecule unfolds to
expose 11 of the tyrosine residues. This is similar to its behavior in acid
solution.(20-22

Another process causing microheterogeneity of albumin at alkaline
pH, results from the intramolecular exchange from a thiol linkage to a disulfide
linkage. This can be demonstrated to occur between albumin and
cystine and/or vasopressin, thus binding these compounds tightly to
albumin. The reaction takes place at pH 8 or higher. It has been
suggested that on electrophoresis at pH 8.6 this is an additional cause
for obtaining a band of albumin instead of a sharp peak.(?3:2%

4.3 NORMAL DISTRIBUTION AND ORIGIN

The normal concentration of albumin in male human blood serum
is 42 + 3.5 g/liter. Albumin comprises 58 + 4%, of the total serum
proteins.®® At birth, the percentage of albumin is substantially higher
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67 + 5%, but the amount, in absolute terms, is lower. The reason for
this is that the total protein in the adult is 70 + 4 g/liter, whereas in the
infant it is only 53 + 3 g/liter. Thus the total albumin in the serum of
the newborn is 35 + 3 g/liter.2®

In recent years, the introduction of dye-binding techniques for
albumin estimation, without the use of suitable corrections for the
presence of neonatal jaundice, hemolysis, and turbidity in the blood,
has resulted in the publication of erroneously high values for albumin
and total protein in the newborn. The values listed above are based on
extensive studies, using specific procedures by the authors and
others.(27:28)

Serum albumin levels are lower in women than in men by approxi-
mately 9%,. Thus, in the female, the mean total protein is 66 + 4 g/liter.
The serum albumin concentration is at 38 + 4 g/liter.

Serum albumin levels decrease with age, and in adults over 65
years of age albumin levels will be approximately 109, lower than at
30 years of age. The serum albumin level is responsive to diet, and in
populations where beef is plentiful and is the main source of protein in
the diet, albumin levels are higher.®

Only 409, of the albumin in the body is retained in the circulation.
Approximately 50%, leaves the circulation per hour and is recycled by
way of the thoracic duct. Albumin is present in all tissues, including the
skin. All of the albumin is synthesized in the liver by the hepatocytes.
However, at any one time less than 2%, of the body pool is in the liver.
About 50%, of the energy expended by the liver is for the synthesis of albumin.3°-31

The sequence of events in albumin synthesis has been arrived at
mainly by the use of [1*C]-labeled arginine, following its incorporation
into albumin. After messenger RNA (mRNA) synthesis, directed by DNA in
the nucleus, albumin synthesis proceeds in the cytoplasm under the
direction of transfer RNA (tRNA) also synthesized in the nucleus. The
ribosomal RNA (rRNA), which reads the message from mRNA is syn-
thesized in the nucleolus. A specific activated amino acid residue is carried
by tRNA to the site of the growing peptide chain, which has been coded
by mRNA.©2-322)

Ribosomal proteins are synthesized in the cytoplasm and move to
the nucleolus so as to combine with RNA to form the ribosomes. There
are two RNA molecules made in the nucleolus, a lighter RNA of 18S,
the other a heavy RNA (40S). These, together with the proteins make
up a single ribosome with two subunits of 40 and 60S, respectively. The
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ribosome now returns to the plasma. The 60S subunit is held in the
center of the endoplasmic reticulum, whereas the 40S subunit holds the
mRNA, thus forming an mRNA-40S-60S complex. As each specific
amino acyl tRNA adds its amino acid to the growing peptide, the
peptide moves to the next codon on the mRNA.

The codon for each amino acid comprises three nucleotides. Since
there are 584 amino acids in albumin (Figure 4.1), 1752 nucleotides
are required to code for albumin. Each ribosome is separated from the
next one on the mRNA by 90 nucleotides (30 codons). Thus we need

TasLE 4.1
Albumin Content of Various Human Body Fluids®3%-5%

Albumin
Total protein, (electrophoretic),
Fluid Albumin, g/liter g/liter (%)

Serum

adult 40 + 4 69 + 5 58 + 2

newborn 34+ 2 52 + 3 64 + 4
Urine 0.30 + 0.2 0.50 + 0.25 40 + 3
Cerebrospinal 0.16 + 0.3 0.23 + 0.6 67 + 5
Sweat, eccrine? 0.20 + 0.2 0.65 + 0.3 30+ 3
Lymph

thoracic duct 21 + 2 33+ 3 63 + 5

liver 33+ 4 50 + 5 60 + 4
Tears® 0.61 + 0.3 3.60 + 2 17 + 2
Peritoneal cavity 20.0 + 2 300 £ 5 65 + 5
Pleural cavity 16.0 + 3 26.0 + 4 63 +5
Amniotic (at term) 1.14 + 0.3 1.9 + 0.5 60 + 4

20-24 weeks 1.53 + 0.5 2.36 + 0.6 65 + 5

6-16 weeks 1.80 + 0.6 2.77 + 0.7 65 + 5
Milke

mature 1.0 + 0.2 11.0 + 2 10 + 1.0

colostrum (at birth) 5.0 + 1.0 17 + 3 30 + 3
Gastric juice 0.54 + 0.1 3.0 + 0.5 18 + 3
Bile

main duct 4.2 + 0.4 7.5 + 0.4 56 + 4

gall bladder 146 + 1.5 26.1 + 3 56 + 4
Synovial 1.8 + 0.3 29 + 04 62 + 3

¢ Only a small fraction of the protein which moves to the albumin zone on electrophoresis
tests as serum albumin, immunochemically. In human mature milk, it represents only
10%, of the total protein. In tears and sweat the percentage of serum albumin in the
“albumin” fraction is less than 1%,.
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TasBLE 4.2

Distribution of Albumin (in Grams) in Various Tissues of the
Adult(36,49,50)

Tissue Grams Tissue Grams
Plasma 124 + 15 Cardiac muscle 46 + 5
Liver 3.5+ 1 Spleen 6.2 + 1.5
Kidney 3.5 + 0.8 Skin 55 + 6
Brain 24 + 0.5 Total® 310 + 15

e Of the total albumin, approximately 124 g is in the plasma and
186 g is in the interstitial fluid spaces and tissues.

approximately 20 ribosomes (20 x 90 = 1800) to form the albumin
molecule. Actually a proalbumin is synthesized. This loses five or six
amino acids and is then secreted directly into the plasma as albumin by
way of the Golgi apparatus.®®

The liver makes approximately 14-15 g of albumin daily. Add:tional
albumin can be synthesized, since two-thirds of the hepatocytes are in the resting
stage at any one time.®¥

Newly formed albumin is added directly to plasma. From there,
equilibrium is established with the lymph and other tissues.®®

Albumin is present in all secretions and excretions of the body and
is normally present in urine, tears, bile, perspiration, gastric juice,
amniotic fluid, muscle, eye, and other tissues. Some figures for the con-
centration of albumin in various fluids of the body are given in Table
4.1. The values in the table were obtained mainly by electrophoretic
techniques. For this reason, in some cases, the “albumin’’ represents a
mixture of proteins, only part of which will react with human serum
albumin antibodies. This is especially true for tears, sweat, and human
milk. In the others listed, the bulk of the albumin is essentially serum
albumin. Table 4.2 lists the concentration of albumin in plasma and
plasma-free tissues.

44 ALBUMIN FUNCTION IN THE HEALTHY
HUMAN

The functions of albumin have been listed at the beginning of this
chapter. They may be summarized as nutritive, to maintain the osmotic
pressure in the various body fluids, and for transport. Albumin as a trans-
port protein will be presented first.
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4.4.1 Albumin as a Transport Protein

Albumin binds both anions and cations. When isolated from blood
it appears pinkish because of its strong complex with hematin.®®*? It also
binds the steroids such as estradiol, progesterone, cortisol, corticosterone,
aldosterone, and testosterone.®®2-5% It also binds prostaglandins ®® and
urates.®” In these cases it maintains these materials in solution and
transports them to their site of action.

Unconjugated bilirubin is insoluble in water and is retained in solution by
binding to albumin.®® The bilirubin is bound to the same sites to which
dyes such as HABA [2(4’-hydroxyazobenzene benzoic acid)], phenol
red, and numerous others are bound. Advantage is taken of this fact in
determining residual bilirubin binding capacity in the newborn. In this case,
HABA is added to the serum and the amount of dye bound to albumin
is determined as a measure of the reserve binding capacity of albumin
for bilirubin.®®

Normally the residual binding capacity in the blood of the newborn
is of the order of 25%,. In cord blood the normal level is 72-97%, since
bilirubin levels are very low in cord blood, in the absence of disease.

Salicylate, sulfa drugs, and numerous others, including Warfarin,
will also bind tightly to albumin.®%=62 In this respect, albumin aids in
the neutralization of these drugs and in their transport to sites where
they may be eliminated. Albumin will also bind the catechol amines.

A major function of albumin is the binding of the fatty acids, oleic,
palmitic, linoleic, stearic, and some phospholipids.\”-6%:% In this regard
albumin is the major transport protein for free fatty acids, not the lipoproteins. The
sites for fatty acid binding are hydrophobic clefts into which the aliphatic
chain is inserted. Thus albumin is of major significance in fatty acid
metabolism. In analbuminemia (see Section 4.5.2) the major symptoms are those
due to ineffective lipid metabolism.

The site where various substances bind on albumin has been the
subject of intensive study. Cu?* and Ni* jons bind at the amino group
in position 1 of Figure 4.1. A chelate compound is formed between this
amino group, the cation, the two peptide nitrogens which follow, and the
I-nitrogen of the imidazole of histidine at position 3.%% Dog albumin
has a tyrosine residue at position 3. As a result it does not bind copper
as well as human albumin. Human albumin has a major role in copper
transport (see Section 5.4). This is a possible explanation of the fact that
the dog is more sensitive to copper poisoning than man. Other bivalent
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ions such as Ca2*, Mn2?*, Co?*, Zn2*, and Cd2* are bound less
strongly and at several locations on the albumin molecule.®8:6” Other
proteins in plasma bind these ions more tightly. For this reason, except for
copper and possibly zinc, albumin is not considered an important transport means for
most cations.

The only amino acid which seems to have an affinity for albumin
is the L form of tryptophan. This property has been used to separate L
from p-tryptophan.®® The former binds to albumin near the histidine
residue at position 146 at the tip of loop 3 (see Figure 4.1). Pyridoxal
phosphate binds at the tip of loop 4 (Lys, 233).%9 The sites for binding
of fatty acids are in the loop region 7-8 and less at loops 6-7. Bilirubin
binds to an area with histidyl, tyrosyl, and arginyl residues. It has been
proposed that it binds to these amino acids in loop 3.¢70-7D

Although there are specific proteins in the plasma for the transport
of the various steroids, anions, and cations, albumin acts to help trans-
port any overflow when these are overloaded. Its major transport
function is for the transport of fatty acids and bilirubin. In the case of
bilirubin it serves a protective function in jaundice because of the
toxicity of bilirubin to neurological tissue. This is of particular signifi-
cance in the newborn (see Volume 2, p. 358).

4.4.2 Albumin in Nutrition and Osmotic Regulation

Albumin is synthesized in the liver. The most important factor regulating
albumin synthests is the state of nutrition of the individual.

Starvation causes a rapid decrease in the rate of albumin synthesis.
However, the capacity to synthesize albumin persists even after long
periods of fasting. Refeeding results in a prompt increase in the rate of
albumin synthesis. Apparently, the mechanism for the synthesis of
albumin, including mRNA, remains essentially intact during starva-
tion.™?

On a protein-deficient diet, where carbohydrates and fats are fed
in adequate amounts, there is a rapid shrinkage of the nucleolus and a
decrease in rRNA production. Feeding the essential amino acids results
in a restoration of the rate of albumin synthesis.(”® Most dramatic is the
effect of tryptophan. Ir vive and in vitro studies indicate that tryptophan

is necessary for polysomal aggregation and continued protein synthesis
by subcellular systems.(74-7%
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A major factor in the immediate control of albumin synthesis is the
colloidal osmotic pressure in the hepatocyte environment. When the
plasma colloid osmotic pressure is raised by administration of albumin, globulins,
or even high-molecular-weight dextran, albumin synthesis is depressed.C"® If the
colloid osmotic pressure around the cell is decreased, then albumin
synthesis is stimulated. In these experiments, the animal is subjected to
plasmapheresis. As the plasma is removed, albumin from the albumin
pool around the cells (see Table 4.2) is removed and moves into the
plasma. This reduces the albumin concentration around the cells and
stimulates albumin synthesis.”” Furthermore, if liver cells are prepared
from nephrotic animals with low plasma-albumin levels, the rate of
albumin synthesis is substantially higher than that in normal
hepatocytes.("®

4.4.2.1 Hormonal Effects on Albumin Synthesis

For optimum protein synthesis, in general, it would be expected
that normal functioning of the pituitary and its target glands, the
thyroid and adrenal is necessary. However, the thyroid seems to have a
specific action in connection with albumin synthesis.

Thyroidectomy results in a rapid decrease of mRNA and rRNA
synthesis with a resultant decrease in albumin synthesis. Administration
of tritodothyronine rapidly corrects this defect.””® Triiodothyronine thus
has been shown to be directly involved in the control of rRNA and
mRNA synthesis and the binding of rRNA to the endoplasmic reticu-
lum. Control of ribosomal production is thus an important function of the thyroid
hormone.

Administration of cortisone results in an increase in the size of the
liver and an increase in the rate of formation of rRNA, tRNA, and
mRNA. This is associated with a marked increase in the amino acid
pool in the liver and albumin synthesis.®®® Associated with this effect is
a negative nitrogen balance. This has been interpreted as the result
of a general antianabolic effect of cortisone.®? On cortisone administra-
tion, the total albumin in the body remains constant, while a shift of
albumin from the tissues into the plasma takes place resulting in elevated
plasma albumin levels. This has been noted also with Cushing’s
syndrome.®?

Insulin increases albumin synthesis by making available energy in
the form of ATP from increased glucose metabolism.®® Testosterone has
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an effect similar to the thyroid hormone. The growth hormone also serves
to stimulate albumin synthesis. Triiodiothyronine has an additive effect
with both testosterone and the growth hormone.®®

4,422 Albumin in Cell Nutrition

The half-life of albumin, as determined by [*3!I]-albumin studies,
is 17 + 5 days. Thus albumin is constantly being synthesized and con-
sumed. Very little of this is lost as albumin in the urine, sweat, and from
other excretions. The liver synthesizes 14—17 g of albumin daily and almost all
of this is consumed by the cells of the various tissues as a balanced amino acid source
to synthesize other proteins for their special function. The albumin readily leaves
the vascular system and approaches the cell wall. There it is engulfed
by pinocytosis and hydrolyzed and reformed into the various proteins. In
the process of pinocytosis, invaginations are formed in the surface of the
cell which close to form fluid-filled vacuoles. This has been observed
with the electron microscope.®® (See Figure 7.3.) Since the adult
human consumes about 50 g of protein daily, it is apparent that
approximately one-third of this nourishes the cells as albumin which
has been formed in the liver.

Presenting the cells with a formed protein rather than amino acids, facilitates
protein production. Hydrolysis of albumin generates about 50,000 cal/mol.
This is also the amount of energy required to build the protein. Thus
albumin carries to the cell not only a balanced set of amino acids but
also much of the energy required to build it into another protein. When
only amino acids are supplied, the cell needs to generate the 50,000
cal/mol and requires that all the amino acids be present in the proper
proportion at the same time. Thus, supplying the cells with albumin is
an efficient way of supplying the raw material for protein production.

There is a pool of 310 g albumin throughout the body of which
130 g is in the plasma. Partly for this reason, man is able to go without
food for weeks and still carry on the necessary protein synthesis for
survival. See Table 4.2.

4.5 ALBUMIN VARIANTS

Albumin’s evolutionary history is traced back to the period of its
first appearance in the teleost fish.®®® It is absent from the elasmobranch
and cyclostome.®” In tadpoles, its level is less than 0.6 g/liter which
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increases during metamorphosis to 8 g/liter.®® It appears that the
development of high levels of albumin corresponds with the problem of
maintaining a high osmotic pressure and retaining water as the animals
moved to dry land.

Studies on the nature of the different albumins in various animals
indicates that its mutation rate is about twice as fast as that of hemo-
globin.®® This has been used as support for the ‘““molecular clock”
concept of mutation rates.

Genetic variations in the nature of albumin found in the blood
may be divided into three groups: First, where an amino acid substitu-
tion has taken place in the albumin chain. This is detected electro-
phoretically in the heterozygote by the appearance of two bands, one
being normal albumin, the other being the variant. This is called
bisalbuminemia. A second form of abnormality is the appearance of a
postalbumin band on staining of the electrophoretogram obtained with
acrylamide or starch gel or cellulose acetate. This is a result of the
formation of a dimer of albumin. In this case the dimer represents only
10-159%, as compared to normal albumin. Immunologically it behaves
like normal albumin. A third type of abnormality of genetic origin is an
almost complete absence of albumin in the serum. This is called
analbuminemia.

4.5.1 Bisalbuminemia

In 1955, it was noted by Scheurlen that the albumin band, obtained
on Tiselius electrophoresis at pH 8.6 of serum from a 23-year-old
diabetic, split into two bands.®® The double albumin peak appeared to
be unrelated to his disease. A few years later, several investigators
observed similar phenomena.®1.912.92 By studying kindred, it was
apparent that in these cases one of the peaks represented normal
albumin and the other a variant. Since the peaks were of approximately
equal height it became apparent that these individuals were hetero-
zygotes. The term bisalbuminemia has been applied to this phenomenon.
The bisalbuminemia is also observed in the urine of these individuals.

In these early studies, one set of investigators labeled the faster
peak A; and the slower A,. The others labeled the faster peak A and
the slower B. They were dealing with the same type of variant. This
variant has been observed in at least 100 individuals in central
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Europe.®®® The two albumins differ by the substitution of lysine for a
dicarboxylic acid, resulting in the slow-moving (B or A,) variant.
Immunologically the two components behave as though they are
identical. A similar substitution of lysine for glutamic acid occurs in
Albumin Oliphant.®®

Since albumin synthesis seems to be about equal for both normal
and abnormal forms, it has been proposed that these genes are co-
dominant for the synthesis of albumin.®®® A case of bisalbuminemia,
observed in the laboratory of the senior author, is somewhat different.
Figure 4.2 shows a pattern obtained on a serum sample obtained from
an apparently healthy blood donor. The abnormal albumin (the more
rapid peak) occurs in approximately one-fourth the concentration of
normal albumin. This would suggest a slower rate of synthesis or a more
unstable product.

Since these early studies, double albumin peaks have been observed
in at least 25 different families. Some show albumin peaks with higher
mobilities than the normal.®® For example, in Albumin Naskapi, a
high-mobility albumin occurs with a gene frequency of 0.138 in these
North American Indians.®®” It is called Albumin Naskapi after that
Indian tribe.

The location of some of the variants reported are shown in Figure
4.3. The fastest component, called Gent, was reported by Wieme.®®® A
very slow albumin, Albumin Mexico, was first reported by Melartin.®®

Ficure 4.2 Bisalbuminemia in an adult. Tracing and original pattern on cellulose
acetate; pH 8.6, barbiturate buffer.
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Ficure 4.3 Schematic representation of the rela-
tive mobilities of various albumins at pH 8.6.

The abnormal albumins have been called paralbumins, and bis-
albuminemia has been referred to as the monomeric variants to distinguish
them from the dimeric variants (see below). Paralbumins are also found
in ovarian cysts.

The fact that albumin travels in the electrophoretic field with what
appears to be a normal mobility does not necessarily signify that it is
normal albumin or is homogeneous. In a heterozygote, two different
albumins may arrive at the same location. The albumin is then said to
be polymorphic. The albumins can be readily distinguished by various
properties such as their ability to bind various components such as
thyroxine 190:19D and others.*02

Dimeric Albumin Variants

In 1959, a genetic albumin variant was reported where 90%, of the
albumin was normal (A) albumin but there was a trailing band com-
prising the other 10%,. This was soon identified as a dimer of
albumin.1%® Other cases were reported subsequently where as high as
259%, of the albumin was present in the dimeric form.(104.105

It soon became apparent that these abnormal albumins were not
different in nature from those observed in bisalbuminemia. The substi-
tution of one amino acid for another merely produced a variant which
tended to polymerize.1°® It has already been pointed out that even
normal albumin will form dimers (macroheterogeneity; see Section
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4.2). In addition, some of the monomeric variants tend to denature or
polymerize on standing. This is true for Albumin Paris.®°” The
number of families reported with dimeric albumin variants is less than
10, at this writing, and it is thus a rather rare condition. The presence
of a dimeric form of albumin has not been shown to be related to any
disease process.

4.5.2 Analbuminemia

In 1954, an electrophoretic pattern obtained from a 31-year-old woman was
shown to contain no albumin.1°® Total protein was 4.8 g/100 ml. Her
brother’s serum also contained no albumin with a total protein of 5.4
g/100 ml. The father and mother showed serum albumins of 3.3 and
3.1 g/100 ml, respectively. A study of 220 relatives showed no defect.
With an immunochemical technique it was found that the brother’s
serum contained 1.6 mg albumin/100 m].199

Since this case was reported, approximately ten others have been
presented in the literature. In each case a minute amount ranging up to
290 mg/100 ml of albumin has been reported.10-119

The cause of the defect is a markedly reduced rate of albumin
synthesis. The half-life of albumin normally present in serum is 15 days.
In these patients the half-life of albumin ranges from normal to 115
days.(112:113 Thus the defect is not due to rapid destruction of albumin.
Analbuminemia is inherited as an autosomal recessive.

The clinical symptoms in these individuals are mild. With no
albumin the total protein would be expected to be 3 g/100 ml. However,
it is approximately 5 g/100 ml in the patient with analbuminemia; and
therefore, synthesis of other proteins is increased as a form of compensa-
tion. Edema, although persistent, is mild. There is some hypotension
and an elevation of the lipoproteins and y globulins. The colloid
osmotic pressure of the serum is about one-half the normal. The sedi-
mentation rate is elevated. The absence of albumin to bind fatty acids
requires that other proteins serve the purpose. This is not entirely com-
pensated for since these patients show reduced rates of fatty acid
metabolism and elevated serum triglycerides and cholesterol.*1®

Overall, the patient with analbuminemia seems to thrive, and it is apparent
that albumin is not essential for life.
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4.6 SERUM ALBUMIN CHANGES IN DISEASE

In disease, the ratio of albumin to globulin level, referred to as the A|G ratio,
almost invariably falls. This is due to the fact that in disease the liver is
usually involved in some way, and albumin synthesis is reduced. At the
same time the level of y globulins usually rises and this is often accom-
panied by an increase in the «, and 8 globulin levels. Table 4.3 sum-
marizes the data obtained by various experimenters for some of the
conditions where the A/G ratio is lowered significantly.

Note that in multiple myeloma, with a huge increase in the y
globulin level, the total protein is elevated and the albumin level is
reduced. In the nephrotic syndrome, serum albumin levels are often

TasBLE 4.3

Mean Serum Albumin, Globulin, and Total Protein Levels and A|G Ratios Reported
in Disease in Humans by Salt Fractionation, as Compared to the Normal(114-119

Total
Albumin, Globulin, protein,
Condition Cases g/liter g/liter A/G g/liter

Adults® 340¢ 44 26 1.7 70
Newborns® 142¢ 38 16 2.4 54
Severe starvation 2 8.0 28 0.3 36
Kwashiakor 37 14 30 0.5 44
Lipoid nephrosis 21 14 31 0.5 45
Cholera 16 23 36 0.6 59
Meningitis 16 23 38 0.6 61
Smallpox 10 24 35 0.7 59
Hepatic cirrhosis 103 25 41 0.6 66
Tuberculosis (advanced) 42 28 47 0.6 75
Obstructive jaundice

with biliary cirrhosis 41 29 42 0.7 71
Viral hepatitis 82 31 39 0.8 70
Lupus erythematosis 15 31 38 0.8 69
Tetanus 15 29 46 0.6 75
Sarcoidosis 11 31 48 0.6 79
Multiple myeloma 37 29 69 0.4 98
Venereal lymphogranuloma 59 32 56 0.6 88

¢ From the senior author’s laboratory after lipid extraction and by the biuret procedure.
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reduced to less than half the normal value, whereas the major increase
in serum protein is in the «; and B region of the electrophoretic
pattern.(1®

In malnutrition, such as in kwashiokor, the albumin level is
markedly reduced.2? Patients who are admitted into a hospital after
a prolonged illness (see Table 4.3) also show low albumin levels usually
because of malnutrition.*2) These patients, unless treated, are poor
surgical risks since after surgery the albumin is needed for repair and
proliferation of the tissues and for minimizing edema, especially at the
sites of repair.0®

Malnutrition with hypoalbuminemia will also result from food
idiosyncracies, especially in children. This includes the so-called gluten
intolerance or grain dyspepsia in breast-fed infants. The use of hypoallergic
milks, and other measures designed to avoid the intake of the food which
is not tolerated, readily corrects these conditions.22

In the nephrotic syndrome, and especially lipoid nephrosis, loss of
albumin to the urine is huge. Hypoalbuminemia in these cases, is the
result of inability of the liver to keep up with the rate of loss of albumin
through the kidneys.(123

In major infections such as cholera the fall in albumin results not
only from some losses through the kidney but also because of the toxic
effect of the disease on albumin synthesis. There is, in these conditions,
also a rise in the rate of catabolism of all proteins, resulting in a negative
nitrogen balance.

Surgical and accidental trauma, including burns, also will often
result in impaired albumin synthesis and an increased rate of catabolism.
It has been suggested that this is the result of stress since injection of
adrenaline in guinea pigs results also in decreased albumin synthesis and
increased catabolism.*24-126) However, hydrocortisone, cortisone, or
prednisone administered in high dosage results in an increase of serum
albumin levels by as much as 30%,.227

In the presence of a gammopathy such as in multiple myeloma, or
macroglobulinemia, and in the presence of malignancies, where huge
amounts of y globulin components are being synthesized, albumin levels
will drop significantly (Table 4.3). This is partly due to the demand for
amino acids for the synthesis of the antibodies. A major factor is lack of
appetite with inanition in these patients so that they are usually suffer-
ing from malnutrition. In these patients the nitrogen pool is lowered
and also diverted to synthesizing proteins other than albumin.
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4.7 LV. ALBUMIN THERAPY

Human albumin preparations are used as plasma expanders in
traumatic or surgical shock or shock due to burns.?2® Their high
stability permits their storage for extended periods of time. They with-
stand heating at 60°C for 10 hr, which removes any adsorbed hepatitis
virus.

In recent years, with the widespread use of hyperalimentation,
albumin preparations, are used by some in place of amino acid hydroly-
zates as a nitrogen source.2® Albumin is utilized more efficiently as a
source for protein synthesis. It also permits the use of smaller volumes.
Normal Serum Albumin (Human) is supplied in 50-ml quantities of a 259,
solution. It is a viscous preparation and diluting it presents some
problems. This preparation and Plasma Protein Fraction (Human) are also
supplied in 250-ml quantities of a 5%, solution. The significance of these
terms is explained in Section 4.7.1. In Section 4.3, the nutritive
properties of albumin were discussed and in practice it appears that,
where available, human albumin has significant application in patient
management.

Preparation of Purified Albumin

The source for albumin is outdated blood bank blood. In addition,
substantial amounts are obtained by bleeding a donor, separating the
plasma, and returning his red cells (plasmapheresis). Human placentas
have also been used as a source for albumin. They have the disadvantage
that they contain a high concentration of a heat-stable alkaline phos-
phatase.139)

Albumin was first purified by exhaustive dialysis against water.
Under these conditions the globulins precipitate and the albumin
remains dissolved. In fact, only the euglobulins were precipitated in this
procedure. Half-saturated ammonium sulfate (2.1 mol/liter), 25%,
sodium sulfite, or saturated sodium sulfate (25%,, 1.8 mol/liter) pre-
cipitate the globulins. These techniques have been used to determine the
A/G ratio. Reducing the pH to 4.4 and increasing the (NH,),SO, con-
centration then will precipitate crystalline albumin. The presence of
fatty acids such as oleate or palmitate favors crystallization.
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For large-scale production, the method of E. J. Cohn developed
during World War II is still being used.®3? The albumin is prepared
from “Fraction V,” after globulins are removed by precipitation, at
pH 4.8 with 40%, ethanol at an ionic strength of 0.11 at —5°C. The
product is 967, pure. After heating at 60°C for 10 hr to destroy any
hepatitis virus, the product is sold as Normal Serum Albumin (Human)
for intravenous use. Simplified variations of this procedure are used by
several pharmaceutical manufacturers to produce an albumin of 837,
purity which is sold as Plasma Protein Fraction (Human) or PPF. This is
approved by the U.S. Food and Drug Administration for intravenous
use.

When albumin is precipitated with trichloroacetic acid, it readily
redissolves in organic solvents such as 80%, ethanol. This is not true for
the globulins. Advantage is taken of this phenomenon to rapidly
separate albumin in fairly pure form or to determine the albumin/
globulin ratio in serum.32

Addition of Hg* ion to albumin results in the reaction of all free
—SH groups with mercury; two-thirds of the albumin molecules react.
The product can be crystallized. The mercury is removed by dialysis
against cysteine to form mercaptoalbumin which now contains 1.0 sulf-
hydryl group per molecule, as compared to 0.64 sulfhydryl group in
albumin prepared by other procedures.3®

Albumin can be purified by electrophoresis, isoelectric focusing, or
column chromatography. With column chromatography, albumin is
bound to DEAE-cellulose more tightly than the globulins and can then
be eluted by salts and at a lower pH.3%

In recent years, affinity chromatography has been applied to the
preparation of pure albumin.®® Antibodies to albumin, prepared by
immunizing a rabbit or goat against human albumin, or a fatty acid
such as palmitate, or bilirubin, or a dye which binds albumin are linked
to a solid support such as dextrans, cellulose, agarose, or resins. The
diluted serum is passed through a column prepared from these materials
and only albumin binds to the column. Elution is usually done with a
solution of high salt concentration.3®

Albumin as prepared contains substantial amounts of fatty acids
tightly bound. Thus even crystalline albumin is a mixture of albumin
and albumin bound to fatty acids. These can be removed by polar
solvents without denaturing the albumin. Albumin free of fatty acids is
available commercially (Sigma Chemical Co., St. Louis, Mo.).
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4.8 SERUM ALBUMIN ASSAY

Albumin assay in human serum takes two different approaches. In
the classical procedure the globulins are precipitated by sodium sulfate
(25%,) and the albumin remaining in the supernatant is digested with
sulfuric acid to form NHj which is determined by distillation, aeration
or diffusion, and titration (Kjeldahl procedure).*3” Calculation tradition-
ally assumes 16.25%, nitrogen in the molecule. The value should be
corrected to 16.46%,. Nonprotein nitrogen is also determined after total
protein precipitation and this value is subtracted from the total nitrogen
eetermined on the albumin solution. If total serum protein is sought,
the sulfuric acid is added directly to the serum for digestion. Catalysts
such as Se, CuSO,, or H,0, are added to accelerate the reaction, and
K350, is added to raise the boiling point of the mixture. The Kjeldahl
procedure is still the reference procedure for protein estimation.

Currently, assay for albumin and total protein with color reagents
is employed widely, especially where the concentration of protein is low,
or for microanalysis. The Folin-Ciocalteu reagent (phosphotungstic acid)
is used to detect tyrosine and calculation is made by a suitable factor.13®
The Sakaguchi reagent for arginine has been used in the same way.139
A most widely used reagent for total protein and albumin estimation is
biuret.*#® Alkaline copper solutions form a pink-colored complex with
the biuret linkage. In this procedure, precipitation of the globulins with
257, sodium sulfite is done in the presence of ether to remove lipids and
bilirubin interference. For total protein, the proteins may be precipitated
with Bloor’s reagent (ethanol-ether, 3:1), the precipitate being then
redissolved in water and biuret added.?® Where extractants such as
ether or Bloor’s reagent are not used, interference from bilirubin,
slight hemolysis, and lipemia is experienced.4®

In automated systems, advantage is taken of the fact that certain
dyes will bind selectively to albumin with a shift of the wavelength of
maximum absorption. Globulins adsorb some of the dye but substan-
tially lesser amounts. HABA [2(4’-hydroxyazobenzene)-benzoic acid]
has been widely used.?*? Bromcresol green (3,3',5,5'-tetrabromo-m-
cresolsulfonphthalein) is also used and is claimed to suffer less from
bilirubin interference.1%?

Albumin is also estimated roughly from the electrophoretic pattern
on cellulose acetate after total protein has been estimated by biuret.

For ultramicroprocedures, the albumin may be estimated by
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immunochemical techniques, particularly by radial immunodiffu-
sion.(14®

4.9 RECAPITULATION

Human albumin comprises a single polypeptide of 584 residues
coiled to form an ellipsoid. It accounts for 75%, of the colloid osmotic
pressure of serum. A major function of albumin is to supply the cells of
the body with a raw material for protein synthesis. Albumin serves to
bind the free fatty acids of the serum and is a major means for their
transport.

Approximately 15 g albumin is synthesized daily in the liver. In
plasma it represents approximately 58%, of the total protein and is
present normally in a concentration of 40 g/liter. At any one time,
approximately 50%, of the total albumin is present throughout the body
outside of the vascular system. It is present in all secretions and excre-
tions of the body.

A major function of albumin is to transport bilirubin to the spleen
for eventual removal. It thus acts as a buffer against the neurotoxic
effects of circulating bilirubin in the various forms of jaundice. This is of
great significance in neonatal jaundice. Albumin also serves to bind
drugs and toxic substances so they can be transported safely for
excretion.

On electrophoresis at pH 8.6, albumin has the highest mobility of
the plasma proteins with the exception of a small amount of prealbu-
min. Variants occur and are most apparent when they change the
position of albumin in the electrophoretic field. Most variants result
from the substitution of one amino acid for another in the albumin
polypeptide chain. The appearance of two peaks of approximately
equal concentration in the heterozygote is referred to as bisalbuminemia.

In some patients, amino acid substitution results in a tendency for
albumin to form a dimer. This is noted as a band trailing the albumin
peak. It usually is not more than 157, of the total albumin. These are
called dimeric variants.

A rare condition occurs where the patient has practically no
albumin visible on electrophoresis of his serum. This is referred to as
analbuminemia. These patients have elevated globulin levels which com-
pensates in some measure for the lack of albumin. They survive to adult-
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hood and thus albumin, in the human, is apparently not essential for
life.

In disease, in general, albumin levels are depressed. This may result
from the toxic effect of the disease on the liver as in cholera. It may also
result from excessive losses in the urine as in the nephrotic syndrome.
When the liver is engaged in the synthesis of huge amounts of gamma
globulins, as in multiple myeloma, the albumin level falls because of the
diversion of the amino acids to antibody synthesis. Where tumor invades
the liver, this is aggravated by reduced ability of the liver to synthesize
albumin. With malnutrition, the albumin level falls because of lack of
adequate nitrogen intake. This is associated with edema resulting from
the decreased colloid osmotic pressure of the blood.

In all of the conditions cited above, the ratio of albumin to globulin
(A/G ratio) falls. An A/G ratio of less than one is said to be inverted and
an indication of a disease process. Purified albumin has been admini-
stered I.V. as a plasma expander in shock on a wide scale, especially
during World War II. In recent years I.V. albumin administration has
assumed a major role in supplying protein nitrogen in hyperalimenta-
tion. This has resulted in a marked expansion in the production of
purified human albumin, mostly from outdated blood and some from
plasmapheresis of donors, where the erythrocytes are returned to the
donor.

Albumin assay is performed after the albumin is separated by salt
precipitation, selective dye binding to albumin, and estimation from the
electrophoretic pattern. For minute amounts of albumin, immuno-
chemical procedures are employed.
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Glycoproteins and Proteoglycans

A glycoprotein is defined as a protein or polypeptide to which a
carbohydrate is attached by a covalent bond. These conjugated
proteins are of major biological importance, comprising enzymes,
hormones, antibodies, membranes, and the ground substance of every
cell. They include not only most of the soluble globulins of the plasma,
but insoluble proteins of connective tissue and the lubricant secretions
of the various organs of the bodies, the mucoproteins.

Some proteins of the body, such as albumin, retinol-binding
protein, thyroxine-binding prealbumin, and hemoglobin contain no
carbohydrate. Others, such as the blood group substances, may contain
as much as 80%, carbohydrate. The proteins of the complement
system and hemostasis are glycoproteins. Haptoglobin and ceruloplas-
min contain about 20 and 109, carbohydrate, respectively.

Study of the composition of the plasma glycoproteins, especially
those which occur in low concentrations, was hampered by the fact
that they were heat labile, turning black on heating because of the
browning reaction. When heated, the aldehyde group of the carbo-
hydrate portion of the molecule reacts with an amino group of the
protein to form a Schiff base, which then polymerizes, turning brown
or black. Furthermore, microtechniques were needed for investigating
the composition of proteins which occurred in minute amounts in the
serum. In the last 25 years, the aminoacid and carbohydrate sequences
have been elucidated for many of the glycoproteins.

5.1 ISOLATION OF THE PLASMA GLYCOPROTEINS

When 95%, ethanol is added to plasma or serum in a ratio of
100: 1, some of the proteins of the serum will precipitate. On examina-
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TasLE 5.1

Normal Distribution Obtained for the Glycoprotein Fractions
of Serum by Electrophoresis®

Prealbumin Globulins, %,
and

albumin, %, o, ay B Y
2-9 18-22 25-35 22-27 13-18

@ Results are in percentage of total carbohydrate.

tion, these are found to contain substantial amounts of carbohydrate.
These alcohol precipitable, carbohydrate-carrying proteins are the
major glycoproteins.®?

If 0.75 N perchloric acid is added to serum in the ratio of 8: 1, then
most of the proteins in the serum will be precipitated. A more soluble
carbohydrate-containing fraction remains in solution and may be
precipitated with phosphotungstic acid. This latter mixture of proteins
is often referred to as the mucoprotein fraction. It comprises mainly the
aq-actd glycoprotein which travels with the o, globulin fraction on
electrophoresis.®

If serum is spotted on paper, cellulose acetate or some other
medium and subjected to electrophoresis at pH 8.6, one may stain for
the protein fractions, namely albumin, e,, «s, B, and the y globulins.
If one stains instead with the periodic acid—Schiff reagent (PAS), the
carbohydrates are revealed®'®, Carbohydrate occurs in all the protein
fractions but mainly in the o« and B globulin regions. The distribution
of these carbohydrate-containing fractions may be seen in Table 5.1.

Six monosaccharides comprise the main components of the
polysaccharide linked with plasma proteins. These are the hexoses,
galactose and mannose, the hexosamines, glucosamine and galacto-
samine, and fucose and the sialic acids. Xylose is also found occasion-
ally.®® The concentration of these components of serum proteins are
listed in Table 5.2. Adding the mean values of Table 5.2, one obtains

TaBLE 5.2
Concentration of Monosaccharides in Plasma Proteins,
mg[100 ml of Serum
Hexoses Hexosamines Sialic acid Fucose

121 + 2.1 83 + 4.9 60 + 3.7 8.9 + 0.6
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TABLE 5.3

Distribution of Monosaccharides Among the Various
Electrophoretic Fractions of Human Serum, g monosaccharide/100 g

Protein

Protein Hexoses Hexosamine Sialic acid  Fucose
Albumin 0.20 0.06 0.10 0.01
a7 Globulin 7.5 6.3 4.1 0.55
oo Globulin 5.9 4.2 3.0 0.40
B Globulin 2.9 1.9 1.5 0.20
y Globulin 1.9 1.5 1.2 0.30

Total 1.6 1.1 0.87 0.11

a total of 273 mg/100 ml of protein-bound carbohydrate. This value
increases by a factor of two or three in the inflammatory and neoplastic
diseases, the increase being in all of the components.” The distribution
of these monosaccharides among the various protein fractions of the
serum is given in Table 5.3.

Separation of the Carbohydrate Moiety

The sugars found in the glycoproteins are galactose, N-acetyl-
galactosamine, N-acetylglucosamine, mannose, N-acetylmannosamine,
N-acetylneuraminic acid, fucose, xylose, and in the cell wall of bac-
teria, N-acetylmuramic acid. The structures of these sugars are given
in Figures 5.1 and 5.2. None of the plasma glycoproteins have been
shown to contain glucose, except for Clq, a component of the comple-
ment system. However, the tissue (e.g., collagen) and membrane glyco-
proteins do contain glucose.® The carbohydrate units of glycoproteins
are first isolated as glycopeptides with a minimum number of amino
acids attached after extensive enzymic proteolytic digestion.® From a
study of these glycopeptides, the size, number, and composition of
these carbohydrate units can be estimated. The point of attachment to
the polypeptide then can be determined.

The carbohydrate units range in size from a molecular weight of
approximately 3500 (as in fetuin) to single monosaccharide residues
of molecular weight 162 (as in the collagens). There may be only a
single carbohydrate unit per molecule as in ribonuclease, or there may
be as many as 800, as in the ovine submaxillary glycoprotein. Since
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Ficure 5.1 Conformation of the sugars
commonly found in the carbohydrate portion
of the plasma glycoprotein molecules, with
commonly used abbreviations (see Appen-
dix, Volume 2, pp. 535-541).

N-Acetyl Neuraminic Acid

(NANA)

glycoproteins vary so much in molecular weight, from 14,500 for
ribonuclease to 1 x 10° for the ovine submaxillary glycoprotein, the
average spacing of the carbohydrate units along the peptide chain
(that is, the number of amino acids per carbohydrate unit) is a better
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FiGure 5.2 Comparison of the structure of N-acetyl neuraminic acid and N-acetyl
muramic acid. Neuraminic acid is derived from D-mannosamine and pyruvic acid;
N-acetyl muramic acid is D-glucosamine connected by ether linkage with lactic
acid. In sialic acid the acetyl group may be replaced with the glycyl residue.

index of the extent of carbohydration of the protein than the number
of units per molecule. This spacing of carbohydrate units may be seen
to vary considerably, with as few as six amino acid residues per unit
in the ovine submaxillary glycoprotein, to as many as 779 amino acid
residues per carbohydrate unit in the IgG immunoglobulins.

It may be noted, that most glycoproteins contain only one type of
carbohydrate unit. A few, however, like thyroglobulin and the glomer-
ular basement membrane, contain more than one distinct type.

5.2 THE NATURE OF THE CARBOHYDRATE
PROTEIN LINKAGE

The covalent attachment of the carbohydrate units of glyco-
proteins has been uniformly shown to involve carbon 1 of the most
internal sugar residue, and a functional group on an amino acid in the
peptide chain. The three distinct types of glycopeptide bonds have
been shown to occur in protein from animal tissues (see Figure 5.3).
The first glycopeptide bond to be ascertained was between carbon 1 of N-acetyl-
glucosamine and the amide nitrogen of asparagine. This represents a glyco-
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Ficure 5.3 Linkages of the carbohydrate portion of the glycoprotein molecules in
the polypeptide chain.

sylamine type linkage.*® It was originally described in ovalbumin,??
and has subsequently been found in a large variety of glycoproteins
from diverse sources, including IgG immunoglobulin,*® ribonu-
clease,'® deoxyribonuclease,*® «a,-acid glycoprotein,*? fetuin,
thyroglobulin,*® and ovomucoid.®® It is the most common type of
linkage of carbohydrate to protein in the plasma proteins.

A second glycopeptide linkage involves an O-glycosidic bond to serine or
threonine. It is easily split by very mild alkali. The sugar component of
this type of linkage is often N-acetylgalactosamine. The N-acetyl-
galactosamine is involved in the linkage of various mucins.*® The
molecular weight of these proteins is generally on the order of several
millions. In these glycoproteins, the number of oligosaccharide residues
per total amino acid residue is very high and solutions of these proteins
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are very viscous. In the mucins, serine and threonine account for up to
40-50%, of amino acid residues present, and a large proportion of
these are substituted by carbohydrate groups. The sugar involved in
this linkage is galactose or xylose, or more often N-acetylgalactosamine,
usually in a B linkage®? (see Figure 5.3). This type of linkage occurs in
the immunoglobulins.

A third type of glycoprotein linkage occurs in basement membranes*® and
collagens.*® It involves an O-glycosidic linkage between a galactose residue and
the hydroxyl group of hydroxy lysine. This linkage is an unusual one, for it
involves a glycosidic substitution on to a hydroxyl group which at
physiological pH values is positively charged. Contrary to the O-glyco-
sides of serine and threonine, this glycopeptide bond is very stable to
alkaline hydrolysis permitting the isolation of the carbohydrate unit
attached to hydroxylysine in very high yield. This linkage occurs in
the Clq component of the complement system. It occurs commonly in
collagen.

Studies of a number of glycoproteins such as ovalbumin, various
ribonucleases, the immunoglobulins, and others, have revealed that
where an oligosaccharide is attached to the amide of aspartate through
N-acetylglucosamine, the sequence is always Asn-X-Thr- (or Ser-),
where X is any amino acid with the exception of proline and the
aromatic amino acids.?%-28 For example, in IgM, X can be alanine,

to polypeptide li‘ 0 H
chain E Oy H | |
/ N | H
Asparaglne | X
3 to polypeptide
chain
CH.OH C=0--------H—0—CH,
? I Hydrogen Serine
NH  Bond (or Threonine)
OH
to oligosaccharide—O
chain
PIJH
N-Acetyl
Glucosamine (I:—‘o
CHj

Ficure 5.4 Proposed reason for occurrence of glycoside attachment at sequence
—Asn-X-Ser(Thr)-. Hydrogen bond loosens hydrogen on amide, permitting sub-
stitution of glycoside residue.
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asparagine, glycine, isoleucine, or leucine. For «, acid glycoprotein,
X occurs as lysine, threonine, or alanine. In ceruloplasmin, X can be
valine or leucine. In transferrin, X occurs as valine and lysine. These
few examples suggest that this is more than a coincidence. It has been
suggested that, in order for the N-acetylglucosamine to be attached,
the hydroxyl group of the serine or threonine residue needs to form a
hydrogen bond with the carboxyl group of the asparagine (Figure 5.4).
This serves to activate the hydrogen on the amide and permit substitu-
tion of the glycosidic linkage."

5.3 STUDIES OF THE STRUCTURE OF THE
HETEROSACCHARIDES

In order to comprehend the function of the oligosaccharides
attached to the polypeptides in the glycoproteins, certain facts need to
be explored. These may be listed as follows:

1. The monosaccharide units which make up the oligosaccharides
need to be identified.

2. The nature of the carbohydrate—peptide linkage needs to be
ascertained.

3. The monosaccharide sequences and branching need to be
unraveled.

4. The sites on the polypeptide chain where the oligosaccharides
are attached need to be located.

Elucidation of the structure of the heterosaccharides attached to
the plasma proteins is a complex problem. Examination of Figure 5.1
reveals that, after attachment of the monosaccharide to the polypeptide
chain, there remain four or five hydroxyl groups to which a second
monosaccharide may be attached. Thus, the sequence of a simple
disaccharide, GIcNAc—Gal, may signify at least four isomers. If
another monosaccharide is added, it can then be bound to GlcNAc or
Gal, in any of seven different locations. The linkage of the hydroxyl
groups in the 1 position can also be « or B. Thus an oligosaccharide
comprising only a few monosaccharides can give rise to a huge number
of possible structures.

Another problem which presents itself is the fact that synthesis of
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the heterosaccharide side chains attached to polypeptides is relatively
inaccurate, when compared to the precision with which the polypep-
tides are synthesized. The polypeptides are synthesized on a template
which guides their formation. No such template exists for the addition
of the monosaccharides. These sugars are added one by one by a
mechanism which is presented in Section 5.4. If a monosaccharide is in
short supply, it may be omitted. This gives rise to glycoproteins
prepared in the same individual which may vary slightly. This pheno-
menon is called microheterogeneity, and accounts for some of the hetero-
geneity observed when isolating glycoproteins such as ceruloplasmin,
the haptoglobins, and others.

In spite of the complexity of this field of study, substantial progress
has been made in elucidating the structure of the polysaccharide side
chains of a number of proteins. The term used by the experimenters in
this field for these side chains is feferosaccharide to indicate a structure
made up of different sugars. Oligosaccharide derives from the Greek
oligos, meaning little or a few, and saccharide, meaning sugar. Thus the
term oligosaccharide denotes a lesser number of monosaccharides
forming a chain or matrix. Polysaccharide is reserved for the large
complex carbohydrate structures, usually made up of a single mono-
saccharide such as glycogen and cellulose (glucose), inulin (fructose),
mannan (mannose), galactan (agar, galactose), and others.

A major means for unraveling the sequence and linkages of the
glycoproteins is the use of specific carbohydrases, all of which occur in
the lysosomes of cells. These include neuramidinases, the « and 8
galactosidases, fucosidases, glucosidases, hexoseaminidases, and xylo-
sidases and finally B-aspartylglucosylamine: amidohydrolase to release
the sugar from the aspartylamide of the polypeptide chain. This is
outlined schematically in Figure 5.5.2®)

In the normal individual, ingested glycoproteins are dismantled
with the use of the enzymes shown in Figure 5.5. Genetic deficiency of
any of these enzymes results in the accumulation of glycoproteins,
glycolipids, and polysaccharides, resulting in a number of diseases,
including the lipidoses, Hurler’s disease, and related syndromes. In
addition, where sulfate is attached to the carbohydrate, as in collagen,
sulfatases are required for digestion. These sulfatases also serve in the
elucidation of the complex carbohydrate structures.

Digestion of certain proteins is incomplete, unless the carbohydrate
is first removed. Thus, where carbohydrate forms a high percentage of
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NANA Xylose
Neuraminidase B-Xylosidase
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1
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v
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Ficure 5.5 Representation of the lysosomal enzymes employed in studies of
heterosaccharide structure and in digestion of glycoproteins.

the molecule, it serves to protect the polypeptide chain from proteo-
lytic attack.

54 HETEROSACCHARIDE SYNTHESIS

Under the electron microscope, the endoplasmic reticulum of the
cell appears as an extensive network of tubules, vesicles, and lamellae
(variant of laminae) which in Latin means thin flat layers or leaves. It
comprises a complex of membranes of extensive surface, which are
composed of 60-70%, protein and 30-40%, phospholipid by weight.
During homogenization of cells the endoplasmic reticulum breaks up,
forming closed vesicles called microsomes. Many of these vesicles carry
ribosomes on their outer surface. The cytochromes bs; and P450-
NADPH enzyme systems are located in the endoplasmic reticulum as
well as a substantial number of other enzymes, especially those involved
in the synthesis of the carbohydrate moiety of the glycoproteins.

Some of the endoplasmic reticulum of the cell appears “rough™
because of the accumulation of ribosomes on its surface. It is here that

3



Glycoproteins and Proteoglycans 85

the polypeptides are assembled.?’-29> A message derived from RNA
translation (mRNA) results in the synthesis of the polypeptides on the
ribosomes bound to the endoplasmic reticulum (see Figure 5.6). It will
be noted that protein synthesis also takes place on ribosomes bound to
the nuclear membrane, which is, in effect, part of the endoplasmic
reticulum.

The purpose of the embedding of the ribosomes in the endo-
plasmic reticulum is so that the formed peptide chain can pass into the
cisternal space beneath. This isolates the newly formed mn.olecule for
further processing. In the cisternal compartment, some modification
takes place, such as disulfide bond formation and hydroxylation of
lysine and proline by the by and P-450 systems. This is required for
collagen synthesis and the glycosylation steps, which are the topic of
discussion in this section.

The polypeptide moves along the smooth surface of the cisterna
with energy supplied from ATP and encounters areas where specific
transferases are located for sequentially glycosylating the particular
glycoprotein being synthesized by the cell. This is shown schematically
in Figures 5.6 and 5.7.

Most commonly, as far as the plasma glycoproteins are concerned,
N-acetylglucosamine is the first monosaccharide to be attached to the
amide nitrogen of an asparagine of the polypeptide chain (Figure
5.4).83%-32 In some cases, as indicated in Figure 5.5, attachment is to
the hydroxyl appendage of serine or threonine. In this case, it is not

Ficure 5.6 Schematic representation of the function of the endoplasmic reticulum
and Golgi apparatus in the synthesis of glycoproteins, formation of vesicles, and
discharge of the glycoproteins into the blood stream.
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Ficure 5.7 The role of the various transferases and activated monosaccharides
in glycoprotein synthesis. In this hypothetical case, the sequence should be, NANA
(Fu)-Man-GalNAc-G1cNAc-.

unusual for the N-acetylgalactosamine to be the first sugar attached.
In special proteins, such as collagen, the attachment to hydroxylysine
also occurs. The innermost monosaccharide is then often galactose.

The transferase always acts by exchange of the monosaccharide
bound to a nucleotide, such as in uridine diphosphoglucosamine
(UDP-GIcNAc), for a hydrogen on the —CO:NH, or —OH group
of the polypeptide, for example:

H

transferase [ '
UDP + Prot—C—N—GIcNAc

I
UDP—GIcNAc + Prot—C—NH,

transferase

UDPGal + Prot—OH —— UDP + Prot—Gal
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The monosaccharide bound to the nucleotide acts as a substrate
for a particular transferase and, in this form, is said to be activated.
The nucleotide to which the monosaccharide is attached is not the
same in every case. For example, for glucose, galactose, xylose, arabi-
nose, and their N-acetylamino derivatives, uridine diphosphate is
bound to the sugar. For mannose and fucose, guanosine diphosphate
is the nucleotide portion of the activated complex. For the sialic acids
(N-acetyl-, glycyl-, or glycolylneuraminic acids), cytidine mono-
phosphate forms the activating complex. The structures of some of
these activated substrates are shown in Figure 5.8.

All monosaccharides found in the glycoproteins are derived from
glucose. Figure 5.9 shows this relationship. In this figure, the activated
forms of the monosaccharides used in the synthesis of the plasma
glycoproteins are placed in a box. A total of ten are shown; however,
the list is incomplete. For example, iduronate occurs as a component of
some heterosaccharides.

Referring to Figure 5.7, after the first monosaccharide is added, the
polypeptide moves along to the next station at which a second sugar
is added. Branching may occur, as indicated. After NANA is added,
no other sugar is added except that a second or third molecule of
NANA may be attached to NANA. After fucose is added to a chain, it
indicates the end of that chain or branch. It is not unusual for the
same monosaccharide to be repeated in a chain. For example, as
many as six mannose residues commonly occur in sequence in some
glycoproteins.

After the glycoprotein is synthesized, it may be sulfonated by a
sulfotransferase using 3’-phosphoadenylylsulfate (PAPS) as the sulfate
donor (see Volume 1, pp. 179-183).

When the glycoprotein is finally formed, it is pushed along the
cisternae to a dead end, where the protein is concentrated in an
enlarged balloon-like space. An approximately spherical portion,
engorged with glycoprotein, breaks off to form a vesicle loaded with
glycoprotein. This moves to the surface of the cell and fuses with the
cell membrane. The vesicle then breaks open, expelling the contents of
the vesicle into the blood stream.

The endoplasmic reticulum and bulbar end resemble in appear-
ance a deflated toy balloon. This shape permits the structures to be
stacked one on top of each other. The complex so formed was first
noted by Golgi and is therefore referred to as the Golgi apparatus.33-37



88 Chapter 5

(0]
N
t-Fucose (lf (|:|> - K NH
—P—0—P—0—CH, N
CHa (')H (I)H e
) HO 0 Guanine
& 1
HO
HO OH
Guanosine-5’-diphospho-L-Fucose
(GDP-L-Fuc)
NH,

OH
Cytidine-Monophospho-N-Acetyl Neuraminic Acid
(CMP—NANA)
5CH,OH
(o] H I
Uracyl
4 1 9 ff , l\
OH I 5 N
HO N\ 0—P—0—P—CH,
NH OH OH 1
s .
_ CH, Ribose
HO OH

Uridine-5’-Diphospho-Acetyl Glucosamine
(UDP-GIcNAc)
Ficure 5.8 Activated forms of the various monosaccharides employed in the
synthesis of the heterosaccharides. UDP-Gal and UDP-Glc are not shown. They
have structures similar to that of UDP-Glc-NAc and UDO-Gal-NAc, respectively,
with the N-acetyl group replaced by an —OH group. (See Volume 2, p. 120.)
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Figure 5.10 is a reproduction of an electron micrograph showing the
structure and stacking of the Golgi complex.

Dolichol and Retinol in Glycoprotein Synthesis

From various sources, such as milk, hen oviduct, mammary gland,
submaxillary gland, and other tissues rich in glycoprotein, oligosac-
charides were isolated attached to a nucleotide. Typical examples are
UDP < GlcNAc < Gal; UDP < GIcNAc < Gal <~ NANA; UDP <«
GlIcNAc < Gal < Fuc; UDP < GlcNAc < sulfate; and others. From
this the concept derived that an oligosaccharide attached to a single
nucleotide could be transferred as a whole. This would be a more
efficient system, since it could take place at one location on the endo-
plasmic reticulum.
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Ficure 5.9 Formation of the activated monosaccharides from glucose. The
activated sugars which take part in glycoprotein synthesis are underlined. See
Volume 2, pp. 114-125 and 157 for the relationship between glucose, fructose, and
UDP-glucose. All sugars are in the p-form except where indicated as L. A wavy
arrow indicates a complex pathway.

Earlier it was pointed out that the endoplasmic reticulum was
30-40%, phospholipid. Thus it would be reasonable to assume that a
lipid anchored at a site could serve to collect the monosaccharides
before transferring them to the newly synthesized protein. This seems
to be the case for many of the glycoproteins synthesized. The lipids
involved in the transport have been identified as dolichol and retinol
(vitamin A).3%-%® See Figure 5.11.
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Figure 5.10 Electron micrograph showing the stacking of the Golgi apparatus.
Scale: 1 in. = 0.37 um. Courtesy of M. Dauwalder, Cell Research Institute, Uni-
versity of Texas at Austin.
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Ficure 5.11 Structures of dolichol and retinol monophosphate. Both are polymers
of isoprene. Dolichol is of variable composition, comprising 15-22 isoprene units.
Retinol (vitamin A) contains only 4 isoprene units.

Each of the monosaccharide donors (Figure 5.8) donates its sugar
to the dolichol by means of its transferase. These transferases are highly
specific for nucleotide and sugar structure and are tightly bound to
the “rough’’and smooth endoplasmic reticulum. Retinol can substitute
for dolichol.#7@:» Thus, the glycosides are formed in a hydrophobic
environment. This system is used to attach the first carbohydrate
core chain to the newly synthesized protein. The system outlined in
Figure 5.7 seems to add the side chains. The reaction taking place may
be typified as follows, using UDPG (uridine diphosphoglucose) as an
example:

UDPG + Dol- P <222, ol P,—Glc + UMP

Dol—P,—Glc + protein =225 Protein—Glc + Dol—P,

Dol—P, —~%— Dol—P
hydrolase
A typical buildup of a core oligosaccharide is shown in Figure
5.12. This structure, transferred to the newly formed protein, serves as
a base for addition of other sugars and possible sulfation before being
released into the blood stream or some other secretion, such as mucus.
It has been known for some time that vitamin A was involved in
some way with the formation of connective tissue. For example, a fetus
could not retain its implantation in the uterus without vitamin A. The
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UDP<Glc + [Dol-P;<GicNAc<Man| —

.......... tmceccccaccsssss

................................

Dol-P, =Fi> Dol-P

Ficure 5.12 Representation of the role of dolichol monophosphate in core glycosyl
synthesis and transfer to form a glycoprotein. Each of the steps can be repeated;
thus the final product may contain repeating units of GIcNAc and especially
mannose.

mechanism discussed gives a role to vitamin A in glycoprotein syn-
thesis, and thus the synthesis of ground substance and connective tissue.
Its relationship to dolichol is not clear at present. Retinoic acid
(oxidized retinol) relieves most symptoms of vitamin A deficiency.
Reduction of retinoic acid to retinol has not been demonstrated in
animal tissue. These problems need clarification.

Dolichol is synthesized from farnesyl pyrophosphate (Figure
5.13 and Appendix). Thus deficiencies in mevalonate synthesis or any

Sterols
Farnesyl Pyrophosphate W

Ubiquinone

Y
2,3-Dehydro-Dolichol Pyrophosphate

Y
Dolichol Pyrophosphate

—P
v ADP ATP

Dolichol Monophosphate «—"_, Dolichol

Ficure 5.13 Synthesis of dolichol monophosphate in human tissue.
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of the intermediate steps leading to dolichol synthesis may account for
symptoms noted in certain diseases.

5.5 GLYCOPROTEIN HETEROSACCHARIDE
STRUCTURE

The mechanism of heterosaccharide synthesis proposes that an
oligosaccharide is built up on dolichol, which is then transferred to
the newly synthesized protein. This is then added to as indicated in
Figures 5.6 and 5.7. For this reason, it would be expected that the
core structure of the oligosaccharides of the glycoproteins would
resemble each other, and this is actually the case. A structure proposed
for an oligosaccharide unit attached to dolichol is shown in Figure
5.14.(45.47D

One of the first glycoprotein oligosaccharide sequences determined
was that for transferrin. Transferrin has two oligosaccharides which are
identical. Their approximate structure is shown in Figure 5.15. In
spite of extensive work on this problem, unresolved discrepancies still
exist as to the structural detail.(8-50

Another group of plasma proteins, where substantial progress has
been made, is in the oligosaccharide structure of the immunoglobulins.
This problem is complicated by the fact that all of the oligosaccharide
chains are not identical. For example, IgE has four oligosaccharides
per heavy chain, and IgM has five per heavy chain.(51-53

An oligosaccharide; common to the immunoglobulins IgG, IgA,
and IgE, is shown in Figure 5.16. This resembles that for transferrin,
except for the attachment of the fucose residue. In these immuno-
globulins, a high-mannose-containing oligosaccharide is also found.

Man®1=3) Gic

a

Man-235>Man -2, Man—»(Man),— GlcNAc—>GlcNAc—P—P—Dol

.
.
.
-

Man "3 Man—>Marr " (Gic)

Ficure 5.14 Provisional structure proposed for a dolichol-P-P-oligosaccharide.

a
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B1-2

2 1
NANA-28, Gal 214, GicNAC Man

la‘l—ﬁ

1-4 1-4
ManB—>GIcNAc£——> GIcNAc— Asn

al-3

B1-4 B1

2-6 -
NANA 222, Gal 272 GicNAc 222 Man

Ficure 5.15 Structure of the heterosaccharides of transferrin. The transferrin
molecule has two such identical structures.

Two of these structures are shown in Figure 5.16. A disaccharide
isolated from human A erythrocytes is also shown in this figure.

These high-mannose-containing oligosaccharides resemble the
single oligosaccharide attached to hen ovalbumin (Figure 5.17).65%

Human albumin does not contain a carbohydrate residue. One
similar to that of the hen albumin oligosaccharide has been found in
thyroglobulin.®®® Thyroglobulin also contains a unique oligosaccharide
comprising a repeating glucuronate—galactosamine disaccharide at-
tached to the peptide chain through a galactosyl xylosyl-serine
linkage.®®® This structure also occurs in the proteoglycans (see Figure
5.42).

A glycopeptide has been isolated from human urine comprising
glucose, fucose, and threonine. This is unusual in the fucose—threonine
linkage, as follows®":

Glc 225 Fuc —— Thr

This is probably a fragment of an unidentified glycoprotein and
suggests a normal type of linkage to the polypeptide chain.

In almost all of the glycoproteins found in substantial quantities in
the plasma where attachment to asparagine occurs it is now apparent
that an oligosaccharide core structure seems to be present. This may be
represented by

Man_a1-3
T Man 2 5>GIcNAc A4 GlcNAc—> Asn

Man 16

Another example of such a structural type is that found in «
protease inhibitor (antitrypsin). This is seen in Figure 5.18. This
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NANAﬂ»GaIm—_‘»GIcNAcMMan\ata

; . Man£'%5 GicNAcB1=%> GIcNAC— Asn
a2-6 14 1-2
5 N 1-64
NANA-==5Gal >GlcNAc >Man-~"21-6 o I" .
Glcr'iAc Fuc

Human IgA, 1gG, and IgE

2 P —
Man-25> ManB'5 GicNAc-=2>Man 2% GIcNAC—> Asn

IM IM

Human IgE T
al-2

Man

1
Man ——> > Man;——°>Man, —>(GlcNAc—GIcNAc)—Asn

]

Man Man, Man
1o
Man
Human IgM

1-3
Gal ﬂ—)GaINAc—> Ser (Thr)
Human A,

Ficure 5.16 Some of the oligosaccharides of the immunoglobulins. The structure
with the broken line attached to GIcNAc is found in IgE.

molecule has four oligosaccharides, two of which have a trisaccharide
(NANA-Gal-GIcNAc) attached and two without.®®

5.5.1 Heterosaccharide Structure of the Blood Group Glycoproteins

The major carrier of the oligosaccharides on the erythrocyte
responsible for the immunological characteristics of blood groups is
glycophorin (Volume 2, pp. 37-39, 51-55). This molecule is 60%,
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al-6 al-6 p1-4 B1-4

Man Man Man GlcNAc ———GIcNAc—>Asn
Ta1—3 I al-3
Man Man
T al-2
Man

Ficure 5.17 The glycopeptide of hen ovalbumin. Ovalbumin (mol. wt. 45,000)
has only one oligosaccharide per molecule.

carbohydrate, of which sialic acid (NANA) represents more than 40%,.
The polypeptide chain traverses the cell wall. The carbohydrate-
containing portion extends outside the cell (see Figure 5.19).%9
Variations in the structures of the oligosaccharides of glycophorin are
responsible for the determination of some of the blood groups.

Glycoproteins having the blood group specificities are present in
the secretions of the body such as saliva gastric juice and ovarian cyst
fluid. These are attached to the protein at the hydroxyl group of a
serine or threonine residue in the polypeptide chain. The blood group
specificity is determined by the nature and linkage of the monosac-
charides at the nonreducing end of the heterosaccharide matrix. The
core, not involved in determining specificity, seems to be the same in
all blood groups. It probably has the following structure:

Bl—4

Gal——GIcNAc - s1-6

Gal-2=25> GleNAc 2225 Gal 2255 GleNAc 225 Gal 225 GalNAc—

To this oligosaccharide are attached fucose, galactose, and N-acetyl-
galactosamine, to form the determinants of the ABH and Lewis
specificities as shown in Figure 5.20.(60-6®

NANA—Gal—GIcNAc

¥
NANA—Gal —B—GICNAC —Man—Man—Man— GIcNAciGIcNAc-— Asn

[
NANA—Gal

Ficure 5.18 Oligosaccharides found in a-protease inhibitor (antitrypsin). There
are four oligosaccharides per molecule, two with the NANA—Gal—GIcNAc, and
two without.



Chapter 5

98

-auideredse 03 sSequr| oY) s1uasaxdax  N[,, 9Y) pPUE ‘QUIUOIIY) IO JULIIS 03 IPLILYIOLs0S1[0 3y} Jo IBejul] JaY3Id
ayy syuasaadax O, [oquids 94T, “6¢ ‘d ‘] awmjop 93¢ ‘[rem 914001 1A19 oY) uo unoydook|3 jo juoweduriie Y], 6]°C TINOIJ



99

Glycoproteins and Proteoglycans

*sut2301doo4[8 ay3 Jo sonyroads simor] pue Oyy ‘H ‘g ‘V Sururmaaiep saanpnng  (0g°G TEnsIg

. e a
OVNDOID i_ 9 a
qx:; T:;,
an4 ong
—OoVN?JI9 P Fu_.mmv &9
T—uH
an4
<Z4\ZA|IMTN VYNVN
£-Z
_ <«~——2yN|® e e °yy
Q_GAIvI— 1en — VNIeD P 129
aimonns dnoio poojg

—OVNIID «—1e9

y10¢e-1g
1o % H

—OYNOID<— 189 At||_mw

€L
n% a
z-1o

—OVNIIOD “——F Py 189~ JYNIED

31moNng dnoig poojg



100 Chapter 5

The Lewis blood group system is primarily one of saliva and serum
antigens rather than red cell antigens.®™ The red cells acquire their
Lewis phenotype simply by adsorbing Lewis substances from the
serum.®® Since some individuals are nonsecretors (about 20%,) they
will not possess these antigens unless obtained by transfusion from
some donor who is a secretor. Although rare, severe hemolysis during
transfusion has been reported with Lewis incompatibility between
donor and recipient.

The immunodominant sugar for each specificity is fucose for H,
GalNAc for A, Gal for B, Fuc for Le?, and two fucoses for Le?. The
ability to form the structures shown in Figure 5.20 is controlled by the
action of genes at four independent loci, ABO, Lele, Hh, and Sese.
These genes are responsible for the synthesis of the specific transferases for the
formation of the structures shown in the figure. Thus the A gene produces
a GalNAc-transferase, the B gene a Gal-transferase and the H and Le
genes produce two different Fuc transferases. These enzymes have been
identified in the milk, submaxillary glands, and gastric mucosa of
mothers carrying the particular blood type.

The reactions mediated by the specific transferases during the
formation of the erythrocyte are shown in Figure 5.21. Thus, the

al-2
al-2

al-3
GalNAc——> Gal— + UDP

A-transferase
_—

UDP-GalNAc + Gal—

Fuc Fuc
lan-z lm—z
B- _
UDP-Gal + Gal— 2transterase | 13, Gal— + UDP

GDP-Fuc + Gal— Htransferase o @172 Gal— + GDP

Fuc
al-4

GDP-Fuc + GIcNAc— —=2% _, GicNAc— + GDP

transferase

Ficure 5.21 The mechanisms for the synthesis of the various blood group struc-
tures.
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inheritance of blood groups, is the inheritance of the ability to synthesize certain
&lycosyl transferases and the relative activity of these transferases. The study of
the structure of the numerous blood groups has developed into a study
of the heterosaccharide structures and the enzymes responsible for their
synthesis.

By the action of a suitable specific carbohydrase, types A and B
can be converted to type H.®®? If erythrocyte type A is acted upon by an
a- N-acetylgalactose-aminidase, and type B by an «-galactosidase, then
both types of erythrocytes can by converted to O(H) by the use of
suitable enzymes. This suggests the practicability of creating a large
central erythrocyte bank of all type O blood, obtained naturally or by
the action of enzymes on types A and B. Alternatively, by the use of a
suitable transferase, a sugar can be added to an H antigen to make the
A or B antigen.®®

It is of interest that patients with type A blood lack the specific
a-hexosaminidase and patients with B blood lack the « galactosidase.
Thus, patients with types A and B blood may be considered as patients with
genetic deficiencies.

A similar situation, as with the ABH system, exists for the MN
system. For example, M specificity is readily transformed to N by
incubation at pH 2 and 56°C.(®%:6® This treatment removes one sialic
acid, exposing the N-active terminal structure. This has another
terminal sialic residue resistant to hydrolysis (Figure 5.22).

A composite structure indicating the location of the specific blood
group antigens on the oligosaccharide is shown in Figure 5.23.¢62
It can be readily seen from the figure, that it is possible to have one
GalNAc on one leg of the structure and Gal on the other to make the
AB blood type of the erythrocyte.

NANA—>D-Gah_g D-Gal\ g
D-GalNAc— ' D-GalNAc—
NANA—%>D-Gal ~ B NANA—“»D-Gal/B’
Type M Type N

Ficure 5.22 Proposed terminal immunoreactive structure for the MN system.
Removal of one sialic residue yields the N terminal group. B-Galactosidase inacti-
vates both types.
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(Le®)
(H) (e®) Gal
Fuc Fuc
14
(A) GalNAc-—=> l«‘—z l al—4 lﬁ
B1-3 GIcNAc
or Gal——>GIcNAc
-3 p1-3 131—6
(B) Gal—>
Gal p—) GIcNAcL——> Gal -ﬂ—> GalNAc —Ser(Thr)
p1-4
(A) GalNAcZ=3> S I
1 1-3
or cal 2% cienac |
Gal
(B) Gal-21=3, al-2 a1-3
Fuc Fuc

(H)
Ficure 5.23 Composite structure of the blood-group-specific antigens on the
erythrocyte.

5.5.2 Mucin Heterosaccharides

The mucins function as lubricants and thickening agents. In this
group of glycoproteins the oligosaccharide chains are linked mainly
to the hydroxyl group of serine and/or threonine of the peptide chain.
The simplest structure found in most submaxillary mucins is one in
which sialic acid is attached to the hydroxyl radical at C-6 of Gal-NAc.
Typical oligosaccharides structures found in submaxillary mucin are
shown in Figure 5.24.¢68-72

Four major groups of glycoproteins are identified by histochemical
means: neutral, sialylated glycoproteins sensitive to neuraminidase,
sialylated glycoproteins resistant to hydrolysis, acid glycoproteins
(sulfated), and proteoglycans. These can all be located histochemically
in the secretory granular cells.””® In inflammation, the secretory cells
of the airway increase in number, swell the tissue, and may block the
airway. In chronic bronchitis, a higher percentage of sulfated glyco-
protein is found and there is an increase in the neuraminidase-resistant
glycoprotein fraction.

The blood group oligosaccharide structures are found in the mucus
of the individual provided he is a secretor. For unexplained reasons,
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1) Galf=35 GaINAc—>Ser(Thr)

TaZ—G
NANA
B p1-6 R

(2) Gal——>GIcNAc——>-Gal——>

R

Fuc SO, Fuc

GalNAc— Ser(Thr)

1
(3) GleNAcP = 5Ga1 222, GaiNAc £1=25 Ser(Thr)

S

SO, Fuc

_ 1-3
@) GalNAc-2=%>Gal £=>> GalNAc—»Ser(Thr)

]

Fuc NANA

al-3
(5) Gal ——>G|a|—G|cNAc—

Fuc

Ficure 5.24 Some oligosaccharides found in submaxillary mucin. Number 4 has
blood group A immunoactivity and 5 has B immunoactivity.

some humans do not secrete their blood type oligosaccharide structures
and are referred to as nonsecretors. It is from these structures and from oligo-
saccharides of human milk that much of the structure of blood group oligo-
saccharides has been determined.*"®

5.5.3 Collagen Heterosaccharides

Substantial amounts of the heterosaccharides of collagen and the
basement membranes are attached to the protein at the hydroxyl
group of hydroxy lysine (Hyl). An oligosaccharide core common to
these glycoproteins is Glc 2% Gal — Hyl (see Figure 5.25).7®
A characteristic sequence occurs around the point of attachment to
the polypeptide. This is —Gly—X—Hyl-—Gly—Y-—Arg—, where X
is alanine, serine, leucine, or phenylalanine and Y is glutamate,
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CH—C—

CH,OH |
(CHj3),

o—iu,
HNHg*

Hydroxylysine residue

Ficure 5.25 Core structures of the oligosaccharides of collagen and basement
membranes.

histidine, or isoleucine.’” Associated with collagen are the proteoglycans.
These carry the acidic glycosaminoglycans as their carbohydrate
moiety. They are discussed in Section 5.11.

Certain microorganisms carry the sequence, Glc 2% Gal —2 |
in their carbohydrate capsule. This is also a terminal sequence in the
heterosaccharide of the basement membrane. High titer antibodies,
produced in response to infection with these organisms, are antibodies
against the glomerulus basement membrane. This plays a significant
role in the pathogenesis of some forms of glomerulonephritis.(®
These are autoimmune diseases, where circulating antibodies to the basement
membrane serve to destroy it.

5.6 FUNCTION OF THE OLIGOSACCHARIDES OF
GLYCOPROTEINS

Most proteins have some oligosaccharide attached to the poly-
peptide chain. This includes most of the plasma proteins, enzymes,
structural proteins, membrane proteins, hormones, antibodies, and
others. A notable exception is human albumin. However, there are
certain characteristics unique to certain glycoproteins, where the
functional property is in the heterosaccharide structure. In these cases,
the protein may be considered the carrier of a group of heterosaccha-
rides. This is the case in the proteoglycans.

For the structural proteins, such as collagen and the basement
membranes, the function is that of a base for the construction of a form. In this
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regard, cellulose (as in wood) may be considered a typical example.
The basement and other membranes and ground substances may be
compared to cellophane. The use of sulfate for crosslinking and binding
provides for a rigid structure, as in collagen, or a flexible container,
such as the aorta or skin.

A second function is the property of the oligosaccharides fo
increase viscosity or as “‘thickening’ agents."*™ Commercial methyl-
cellulose serves such a purpose. In the human, the mucus is used as a
lubricant and to retain moisture in the airways in the face of exchange
of large volumes of air. This property is impaired in cystic fibrosis.
In the plasma, the oligosaccharides maintain blood viscosity so as to
retain the cells in suspension. In addition, the sialic acids are the major
source of the charge on the cells.” This prevents pooling of the cells
and the plugging of the fine capillaries. The sedimentation rate is a
measure of the viscosity of the plasma.

A major function of the oligosaccharides is to provide a ‘‘fingerprint’ so
that the immunochemical system can distinguish those cells or particles which
are foreign and those which are native to the particular human. If the sialic
acid end groups of the plasma proteins are removed by neuraminidase
exposing a galactose residue they are phagocytized in the liver.”® The
insulin receptor in the fat cells is a glycoprotein. If treated with neura-
minidase and then galactosidase, it loses its ability to bind insulin.®®

A most important set of oligosaccharides are those controlled by the histo-
compatibility gene complex which determines the carbohydrate configuration on
the surface of cells. Rejection or acceptance of organ transplants depends
upon whether the lymphocytes recognize the cells as foreign or native.
A structure has been proposed for the nature of the type of hetero-
saccharide as would be found in cells, such as the leukocytes used for
histocompatibility matching of patient and donor for transplant (see
Figure 5.26).60

The implications of these studies are of major importance. Develop-
ment of techniques for determining oligosaccharide structure from a tissue sample
(e.g., leukocytes) would permit matching of donor to recipient on a rational
chemical basis.

Another function attributed to the oligosaccharide portion of a
plasma protein is that of increasing solubility. The sialic acid provides
a charge distribution to maintain the colloidal state of the protein. In
the case of a membrane, the charge on the sialic acid can be used to
create a barrier and selectively permit only certain ions to pass the
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(Sialic Acid)3

Neuraminidase

(Galactose)

B-Galactosidase
(Glucosamine) s
B-N-acetylglucosaminidase—————— >
[(Mannose); (Glucosamine); o 2]

endo-Glycosidase

Fucose T(Glucosamine)l or 2
[H]* Sensitivity

[OH] - Stability

Asparagine

Ficure 5.26 Proposed model of the structure of the H-2 oligosaccharides of the
mouse. On the left are the enzymatic or chemical treatment which has been used
in determining the structure.

membrane.™ This is the chemical basis for the blood brain barrier
which protects the nervous system against toxic substances.

On the other hand, for certain functions, the oligosaccharide
portion of the protein seems to be superfluous and serves no definite
function. For example, pancreatic ribonuclease exists in two forms,
one with carbohydrate and one without.®® Both have the same activity
and amino acid sequence. Homozygotes of the rare En(a)-erythrocyte type
lack glycophorin in their erythrocytes.®® As a result, they develop antibodies
to all blood types. The En blood group was discovered in England in
1965 in a patient whose serum agglutinated all erythrocytes tested.
This patient had been transfused before, and had developed antibodies
to A, B, and H cells. The name En was chosen to indicate the word
envelope signifying the abnormal cell wall. En(a) was used for the
second patient discovered in Finland with this abnormality.®® None of
these patients show any abnormalities except when sensitized by blood
transfusion.

Although glycosyl transferases are found mainly on the endoplas-
mic reticulum, they do occur on the outer surface of cells. When this is
the case, the glycosyl transferase will bind its specific sugar located on the
outer wall of a second cell or structure, thus binding to the second cell. Transfer
of the sugar can initiate a biologically significant reaction. It is this mechanism



Glycoproteins and Proteoglycans 107

which has been proposed for the adhesion of platelets to collagen
fibrils, adhesion between gametes, glycosylation of adjacent cells in
tissue culture (a signal for stopping cell growth), and other proces-
SCS.(BS'BG)

A large glycoprotein, probably related to glycophorin, exists on
the surface of cells such as fibroblasts and myoblasts. This has been
named large external transformation sensitive glycoprotein, or simply LETS
protein or LETS glycoprotein. LETS glycoprotein serves to stimulate the
cells to adhere to tissue and other cells. Removal of LETS protein has a
mitogenic effect. This results from the action of proteases and mito-
gens, like cytochalasin B. This has aroused substantial interest because
of its significance in the proliferation and metastasis of tumors.®6®

Regardless of the mechanism, polysaccharides on the surface of
cells are of major importance in the recognition and interaction
between circulating cells, such as between lymphocytes and the
macrophage.

5.7 ACUTE-PHASE REACTANTS

The term acute-phase reactants (AP-reactants) refers to protein
components of the plasma whose concentration is increased significantly
in the acute phase of inflammatory processes.®”-89 These proteins are
all glycoproteins whose carbohydrate moiety is in relatively high
concentration and they are synthesized in the liver parenchymal cells.
They are thus trauma-inducible liver-produced plasma glycoproteins. Table 5.4
lists the proteins commonly considered as the AP-reactants. The
immunoglobulins which also contain carbohydrate are normally not
considered acute phase reactants.

In addition to the proteins listed in Table 5.4, there are a sub-
stantial number of glycoproteins which satisfy the definition of an
acute-phase reactant but are present only in small amounts in normal
serum. From Table 5.4 it can be seen that a group of proteins is listed
with diverse functions and with little relationship to each other.
The reason for this is the fact that these proteins were found in high
concentration with inflammatory disease, and it was assumed that they
were part of this process.

With recent developments, it is possible to explain the reason
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TasLE 5.4
Typical Acute-Phase Proteins

Concentration
in normal Isoelectric
plasma, Carbohydrates, Molecular point,
Protein mg/100 ml A weight pl
a; Acid glycoprotein 75-100 41.4 44,000 2.7
a; Antiprotease
(antitrypsin) 210-287 12.4 45,000 ~3
Ceruloplasmin 27-63 8.0 160,000 4.4
C-reactive protein Trace — 138.000 B
mobility
Fibrinogen 200-600 2.5 341,000 5.8
Haptoglobin (1-1) 30-190 19.3 85,000 4.1
ay Macroglobulin
(plasmin and
trypsin inhibitor) 110-310 8.0 725,000 5.4

for the increase of the concentration of these proteins. For example, in
severe infection there is substantial hemolysis and a need for increased
haptoglobin synthesis to dispose of the released hemoglobin (Section
9.11). For the same reason, ceruloplasmin concentration is increased in
inflammatory processes (Section 8.7). Ceruloplasmin is also a glyco-
protein containing 8%, carbohydrate, the structure of whose oligo-
saccharide portion has been explored.®® This would be expected as a
defense mechanism against excessive bleeding. The clotting and
inflammation reactions are part of the same system in defense against
invasion by foreign bodies. The «, protease inhibitor (e«; antitrypsin)
and «, macroglobulin are also part of the clotting and inflammation
mechanism and will be considered in Volume 4 of this series. Serum
concentrations of «;, antiprotease and «, macroglobulin are also
increased significantly with inflammation. C-reactive protein and «,
acid glycoprotein will now be discussed.

5.7.1 C-Reactive Protein

The cell walls of pneumococci are protected by an outer coat of
polysaccharide. In pneumonia, antibodies to this polysaccharide are
prepared in the human in defense against the invading organism. In
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1930 it was noted that ‘““acute phase’’ serum from a patient who had
pneumonia formed a copious precipitate when a solution of an anti-
serum to the polysaccharide, prepared from pneumococci, was
added.®® The polysaccharide preparation is referred to as C poly-
saccharide. For this reason, the component of serum reacting with this
polysaccharide, is called C-reactive protein (CRP).

Since the 1930s, CRP has been estimated in the serum of patients
with a wide variety of inflammatory diseases, such as tumors, abscesses,
peritonitis, acute infectious hepatitis, viral infections, autoimmune
diseases, and especially in rheumatic fever and the acute phase of
rheumatoid arthritis.(®1-97

CRP acts as an activator of the complement system.®® In this
regard, it resembles the immunoglobulins. CRP also affects the response
of the platelets to inflammation.®® It would therefore be expected
that CRP is a member of the family of immunoglobulins. At this
writing, no substantial evidence has been adduced that this is the case.
The reason for this is the extremely low concentration normally present
in serum. It is only recently that CRP has been detected in normal
serum,%? even though sensitive immunochemical techniques have
been available for several decades. Electrophoretically, it travels with
the B globulins and has a molecular weight of about 138,000.

When the erythrocyte sedimentation rate (ESR) is increased, it is
recommended that the CRP test be done, particularly in exploring
cases of rheumatoid arthritis.?%Y In cardiovascular disease, elevated
CRP levels are often found in myocardial infarction but not in angina
pectoris or arteriosclerotic heart disease.

The test for CRP is easy to perform. The serum from the patient
and the antiserum (Burroughs Wellcome Co., Research Triangle
Park, North Carolina) are taken up in a capillary and the height of the
precipitate is noted.102

5.7.2 a; Acid Glycoprotein

In 1948 it was shown that a 7%, solution of perchloric acid did not
precipitate all of the proteins. A highly soluble group of proteins re-
mained. These could be precipitated by phosphotungstic acid.®® The
soluble fraction contained about 10%, of the protein-bound carbo-
hydrate of the serum. It was then variously referred to as seromucoid,
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orosomucotd, or mucoprotein-1 (MP-1). Most of this fraction was shown to
consist of a single glycoprotein, moving with the «; plasma protein
fraction. If borate is added to starch gel, this glycoprotein shows the
highest electrophoretic mobility since it has a high binding capacity for
borate. Because of its high negative charge, even at pH 4.5, it was con-
sidered an acid and labeled «, acid glycoprotein. It can be prepared in
large quantities from commercially available Cohn fraction V super-
natant, from the process for preparing human albumin, and globu-
lins_(104)

o, Acid glycoprotein is about 459, carbohydrate. Its molecular
weight is 40,000 and it contains 14 residues of sialic acid, 34 residues
of neutral hexoses, 31 residues of N-acetylglusosamine, and two
residues of fucose. The hexoses are galactose and mannose.10%

The sialic acid residues are located terminally and linked to the
heterosaccharide groups. Six of them are readily cleaved by neura-
minidase. However, the others are buried in the molecule and are
somewhat resistant to hydrolys:s.*6-19 A structure for a typical
heterosaccharide attached to the polypeptide chain is shown in Figure
5.27.¢198) This structure is similar to that proposed for the glycoprotein
found in fetal calves blood (fetuin).*°® There are five such carbo-
hydrate units attached to the polypeptide chain.*1®

The structure of the polypeptide chain of «, acid glycoprotein is
shown in Figure 5.28. There is substantial heterogeneity in the com-
position of this protein from different individuals and some of the
substitutions are shown in the figure.(111.112

There is considerable homology between the sequences of «; acid
glycoprotein, haptoglobin, and the immunoglobulins. It is logical to
assume that these proteins evolved from a single precursor in the

NANA 225 Gai B12%, Gicnac 812

. Man
a2-3 1-4
NANA-22, Gat B2 Gicnac s\ a1-3(6)

14 1-4 1
Man B >GlcNACc B >GIcNAC B—i>Asn

al1-3(6)
NANA-223, Gal B2, Gienac21=2 Man

FIGUure 5.27 Proposed structure for a typical heterosaccharide unit of «; acid
glycoprotein.
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| 40
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G
|
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70 80
Phe Leu Arg Glu Tyr GIn Thr Arg Gin Asp Gin Cys!!® Tyr Asn TN Thr 1, oy Asn

Phe Ser Ser
I
Val Gln Arg Glu Asn Gly Thr Ile Ser Arg Tyr éfl: Gly Gly i',?, Glu His '\,Ihl Ala H|s
110 120
Leu Phe Gly Ser Tyr Leu Asp Asp Glu Lys

Met

Leu Leu lle Leu Arg Asp Thr Lys Thr Tyr Leu Ala Phe AspVal Asn

Asn Trp Gly Leu Ser Tyr Ala Asp Lys Pro Glu Thr Thr Lys Glu GIn Leu GIy GIu

Val
Phe Tyr Glu Ala Leu Asp Cys Leu irg Ile Pro Ar 9 Ser Asp Val Met Tyr Thr Asp Trp
Lys Lys Asp Cys Glu Pro Leu Glu Lys GIn His Glu Lys Arg Lys GIn Glu Glu Gly Glu

Ser—COOH

Ficure 5.28 The amino acid sequence of «; acid glycoprotein showing some of
the substitutions. Pyr stands for pyrollidone carboxylic acid which is the anhydride
of glutamic acid. G represents carbohydrate.

distant past. However neither haptoglobin nor «; acid glycoprotein
has any of the properties of the immunoglobulins in neutralizing
invading organisms.

Biological Role of o, Acid Glycoprotein

Increased concentration of «; acid glycoproteins is the major
factor in the increased concentration of glycoproteins in serum with
inflammation.*?® The concentration of this glycoprotein is also
increased in various unrelated conditions and diseases, such as during
wound healing, pregnancy, rheumatoid arthritis, cancer, pneumonia,
and numerous others.*13-11% The common denominator in all of
these conditions is cell proliferation. Tissues with a high cell proliferation
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rate release a factor which stimulates «, acid glycoprotein synthesis.1'® The
significance of these observations is still not clear.

Normal human platelets carry substantial amounts of o, acid glycoprotein
tightly bound to their membrane.**™ Platelets adhere to collagen. Dipyri-
damol inhibits binding of platelets to collagen. This property can
be restored if «, acid glycoprotein is added to the system.!® Since
the clotting and inflammation are part of one overall mechanism, it
would be logical for e, acid glycoprotein to be secreted for the purpose
of increasing platelet adhesion to collagen when faced with an inflam-
matory reaction.

When «; acid glycoprotein is added to a solution of collagen,
striated fibers are formed containing about 509, e, acid glycoprotein
and 509, collagen. Under the microscope, the fibers show regularly
spaced dense repeating zones 1200 A apart. These fibers resemble, in
appearance, the more closely spaced fibers (640 A) seen in bone carti-
lage sections or produced when chondroitin sulfate is added to soluble
collagen. The more widely spaced fibers contain 6 to 8 molecules of
o, acid glycoprotein for every collagen molecule.19

The more widely spaced fibers of the type formed from «, acid
glycoprotein and collagen are seen in normal Descemet’s membrane. 29
They are also seen in certain tumors of the nervous system.(21.122)
They are known to contain collagen and a glycoprotein. «, Acid glyco-
protein is therefore implicated in the formation of certain membranes
and fibers in combination with soluble collagen. The crosslinking of
collagen with «, acid glycoprotein seems to serve the formation of a mesh for the
purpose of preparing a membrane or semirigid structure.

5.7.3 Low-Concentration Acute-Phase Glycoproteins

From time to time, reports have appeared on the recognition of
new glycoproteins, present in increased quantities in inflammatory
conditions or disease. A number of these, like «, fetoglobulin and CEA
have become of diagnostic importance. Some of these will be presented
here with whatever data are available at present.

5.7.3.1.  Pregnancy-Associated Glycoprotein

Although all of the acute-phasereactants are elevated in pregnancy,
certain glycoproteins are associated only with pregnancy. They are
generally referred to as pregnancy-associated glycoproteins, or acute-phase
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proteins of pregnancy.123-129 There are at least four such proteins. These
include the pregnancy-specific 8, glycoprotein,*?® pregnancy-associated
plasma protein A (PAPP-A), placental lactogen, and chorionic gonado-
trophin. Others which have been found to be elevated in pregnancy,
such as steroid-binding B globulin (Section 14.8) and pregnancy-
associated «, glycoprotein (¢, PAG) are normal components of serum.

Pregnancy-specific B,-glycoprotein was prepared from placenta.126
An antiserum was prepared from this material and various sera tested.
Only sera from pregnant women were positive in this test. The plasma
protein travels with the B; globulin fraction on electrophoresis.

Pregnancy-associated o,-glycoprotein is normally present in all sera at
a concentration of about 1-2 mg/100 ml. This protein was noted first
in 1959 and has been reported repeatedly as a new protein by numerous
investigators. It has been called, Xh protein, Xm factor, pregnancy
zone protein, a, pregnoglobulin, new «, macroglobulin, and others. The
term pregnancy-associated «, glycoprotein (¢, PAG) seems to be
generally accepted at present. Some still call this protein pregnancy-
associated o, macroglobulin. 127

Human «,PAG contains 10-11%, carbohydrate and has a molec-
ular weight of about 359,000.%2® It is not produced by the fetus
since it cannot be detected in cord blood. The serum concentration of
this protein rises sharply on estrogen administration. It has no signifi-
cant binding properties for any of the steroid hormones. However, «,
PAG is also elevated in cancer, rheumatoid diseases, and other inflam-
matory conditions.(125-128)

Although the concentration of «,PAG is about 1-2 mg/100 ml in
normal serum, it rises to 50-200 mg/100 ml in normal pregnancies.12®
If ao PAG levels do not rise significantly in the 9th to 12th week of the pregnancy,
then it is claimed that there is 16 times the chance for spontaneous abortion.

One function of «,PAG seems to be as an immunosuppressive
agent, to prevent the rejection of the fetoplacental unit. «,PAG sup-
presses phytohemagglutinin-induced lymphocyte transformation and
also the mixed leukocyte reaction.29:139 Tt is synthesized by human
leukocytes.(129

5.7.3.2  Zinc-ay Glycoprotein

A glycoprotein found in normal serum in 1961, at a concentration
of 20-200 mg/liter, binds zinc.*3:132 It is found in the «, region on



114 Chapter 5

electrophoresis, and for thisreason is called Zn-a,-glycoprotein (Zn-cy-GP).
Its molecular weight is 41,000 and its sedimentation constant is 3.2. Its
electrophoretic mobility is 4.2 and the isoelectric point is at pH 3.8.

In the urine, the concentration of Zn-a,-glycoprotein is about
1 mg/liter.13® The mean concentration found in amniotic fluid is about
9.8 mg/liter and is proportional to the protein content of the amniotic
fluid.*3® Zn-«,-GP is found in almost all the fluids of the body inclu-
ding sweat and saliva. With renal pathology, Zn-o,-GP is lost in the
urine because of its relatively low molecular weight.(*32-139 In new-
borns, Zn-a,-GP concentration in serum is lower than in adults by a
factor of about one-half.

The function of Zn-a,-GP is unknown. Zinc binds also to albumin
and this is probably its major means of transport. Zinc is a required
coenzyme for carbonic anhydrase and a number of enzymes in normal
metabolism.135-137 Tt i5 essential for the formation of normal mucin.3®
However, no relationship between zinc metabolism and Zn-«,-GP has
been established.

5.7.3.3 Seromucoid Proteins

In studies with perchloric acid precipitation of serum proteins it
has been pointed out that a substantial amount of glycoprotein remains
in solution. These proteins with high carbohydrate content have been
referred to as seromucoids or mucoproteins. o, Acid glycoprotein is a major
component of this fraction. These proteins are of relatively low mo-
lecular weight, and appear in Cohn fraction VI. Zn-«, Glycoprotein
is another member of this group. A number of others have also been
identified.

Numerous proteins which have been identified, such as members of
the clotting and complement systems, enzymes such as cholinesterase
and lysozyme have, what might be called, seromucoid or mucoprotein
properties since they have low sedimentation rates and high carbo-
hydrate content. These will be considered elsewhere. Here are presented
those seromucoids whose function has not been identified at the present
writing.

A protein, with a sedimentation coefficient of 2.9, is known as
B2 glycoprotein I. This protein has been crystallized.*3® It has the
electrophoretic mobility of «; globulin and its molecular weight is
about 48,000.4® The protein occurs in serum at a concentration of
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15-30 mg/100 m1.2*D There are two other proteins associated with
B, glycoprotein I, and these are designated B, glycoprotein II and III.
B2 Glycoprotein II has been identified as C3 activator in the comple-
ment system. B, Glycoprotein III has a molecular weight of about
35,000 and occurs in plasma at a concentration of 5-15 mg/100 ml.
No function has been ascribed to B, glycoproteins I or ITI.

If serum is diluted 1:2 with a pH 6.0 buffer and shaken with
carboxymethylcellulose (CM cellulose), four proteins will be found to
adhere. These include Clq of the complement system, lysozyme, and
two glycoproteins designated 3.8S-«, globulin and 9.5S-, globulin.**2
The 9.5S-«; globulin crystallizes readily. The designations 3.8S-«,
and 9.5S-«; signify the sedimentation coefficient and electrophoretic
mobility of these proteins. Because of their affinity for carboxymethyl-
cellulose, these two proteins have also been designated CM-I and
CM-III. Clq is referred to as CM-II, and lysozyme as CM-IV. The
function of these proteins is unknown. They bind CM cellulose, heparin,
and bivalent ions such as Ca2*. They may be of significance in the
clotting mechanism.

The 3.8S-o5 globulin has been found to be rich in histidine, with a
molecular weight of about 58,500. The molecule is made up of two
identical subunits, held together by ion binding. It is present in serum
of adults at 9.2 + 4.5 mg/100 ml and in newborns at 3.5 + 0.9 mg/
100 ml. The protein binds heparin and can be displaced by protamine.
It is referred to as the histidine-rich glycoprotein.14®

Another mucoprotein with high carbohydrate content (30%, ) is 8S-c5
glycoprotein. This protein contains about 9%, of sialic acid. Its sedimenta-
tion coefficient is 7.87 and its molecular weight is about 220,000. It is
present in serum at a concentration of 3.1-4.5 mg/100 m1.%4® It has
a high solubility in perchloric acid and trichloroacetic acid because of
its high carbohydrate content. The protein can be dissociated to lower-
molecular-weight polypeptides by disulfide reducing agents.

Recently, a leucine-rich seromucoid of sedimentation constant 3.1
has been isolated. It has a, mobility and a molecular weight of about
49,000. It carries about 23%, carbohydrate. It is present in normal
serum at a concentration of about 2.1 mg/100 ml. Its leucine content
is almost 17%,. One out of every five amino acids is leucine. It is
designated as leucine-rich, 3.1S-o, glycoprotein. 14>

Related to Zn-a, glycoprotein, a protein which precipitates with
Zn?*, is a protein which is readily precipitable by Ba2+, This is an
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ay protein with a sedimentation rate of 3.3, a molecular weight of about
49,000, and an electrophoretic mobility of 4.2. It is present in normal
serum in a concentration of 40-85 mg/100 ml. The function of this
protein is unknown. It is usually referred to as «y, HS-glycoprotein or
Ba-a, glycoprotein.14®

Another seromucoid with a sedimentation rate of 3.3 occurs in
the «, region on electrophoresis and is distinguished by the fact that it
contains very little tryptophan. It is present in serum at a concentration
of 5-12 mg/100 ml. It is designated «, T-glycoprotein.**™

A mucoprotein with a sedimentation rate of 3.8, which is readily
precipitated with protein precipitants, is designated «,B-glycoprotein.
Its molecular weight is about 50,000 and it is found in the «, region on
electrophoresis. Its concentration in normal serum is 15-30 mg/100
ml. (148

Two seromucoids present in very low concentration in serum have
been used in the diagnosis of certain types of tumors. One is « feto-
globulin®*® and the other is carcinoembryonic antigen (CEA).*%%

o Fetoglobulin, which is present in fetal serum, also appears in the
serum of patients with hepatomas. For this reason, it is of great interest
in the diagnosis of these types of tumors. Its characteristics are listed in
Table 5.5.(149

Carcinoembryonic antigen has a molecular weight of 180,000 and
is 49.9%, carbohydrate. Thus it is a seromucoid. It moves with the «
globulins on electrophoresis and has a sedimentation constant of 7.
Sequential measurement of CEA provides an early warning of the
recurrence and metastasis of large bowel cancer. The upper limit of
normal for CEA is usually taken as 15 ug/liter. Values above 30 ug/liter
suggest a high probability of an underlying cancer.5?

The properties of the seromucoids present in serum in low con-
centration are listed in Table 5.5. All of these are most probably of
biological significance. This area of knowledge needs to be investigated
more thoroughly.

5.8 GLYCOPROTEIN CATABOLISM

In vitro, glycoproteins can be degraded by hydrolyzing the poly-
peptide chains with proteases, and then attacking the polysaccharide
structure, as indicated in Figure 5.26. However, iz vivo, the problem is
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more complicated. Some sialic acid and fucose residues usually surround
the glycoprotein with a protective coat which resists the action of
proteolytic enzymes. These need to be removed before catabolism can
proceed. Others are removed subsequently.

An endo-B-N-glycosaminidase then cleaves the polysaccharide from
the polypeptide between the two N-acetylglucosamines (GlcNAc)
which are attached to the asparagine chain. This yields a polysaccharide
and a disaccharide (Fuc—GIcNAc—) still attached to the polypeptide.
This is shown in Figure 5.29.%52 This enzyme is an “endo->> enzyme
since it attacks the molecule from within the chain.

If fucose is attached to the N-acetylglucosamine, as it is in some
glycoproteins, the peptide is then cleaved by a fucosidase. The GIcNAc
is finally cleaved from the polypeptide by an N-aspartylglucosaminidase.

From Figure 5.29, it can be seen that hydrolysis proceeds sequen-
tially removing each monosaccharide by an enzyme specific for that
linkage. The sugars are then reutilized for glycoprotein synthesis or
metabolized to yield energy for metabolism. Intermediates of varying
carbohydrate composition also appear normally in the urine.

From Figure 5.29 it can be seen that, other than the proteolytic
enzymes, at least seven enzymes are involved in the process of dis-
mantling the heterosaccharides. These enzymes are located in the
lysosomes. However, they can be released within and outside the cell
for appropriate use. For example, when culturing fibroblasts from
patients, these enzymes are released from the cells into the culture
medium.

Any one of these enzymes can be deficient in a particular patient,
giving rise to a variety of genetic disorders. The sphingolipidoses with
carbohydrase deficiencies have been discussed in Volume 2, pp. 75—
109. In addition, deficiency of mannosidase and fucosidase have been
referred to in Volume 2, pp. 51-52. See also pp. 119 and 121 of this
volume.

5.8.1 Abnormal Glycoprotein Catabolism

Deficiencies of almost every enzyme listed in Figure 5.29 have
been reported in humans. The nature of the disease is usually discovered
by finding substantial amounts of heterosaccharides in the urine. The
composition of the heterosaccharide usually indicates which enzyme
system is defective. From these data and direct enzymic analysis of
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Fuc—Gal—GIcNAc—Man Fuc

 Man—GIcNAc—GIcNAc—Asn
Fuc—Gal—GIcNAc—Man

endo-B-N-Glucosaminidase

Fuc—Gal—GIcNAc—Man Fuc
Man—GIcNAc + GIcNAc—Asn
Fuc—Gal—GIcNAc—Man a- L-Fucosidase
a-L-Fucosidase (3.21.51)
Gal—GlcNAc—Man (32181 GlcNAc—Asn + Fuc
\Man—GIcNAc + Fuc l N-Aspartyl
7/ glucosaminidase
Gal—GIlcNAc—Man (35.1.26)
B-Galactosidase GIcNAc + Asn

(3.2.1.23)
GIcNAc—Man

“Man—GlcNAc + Gal
GlcNAc—Man B-N-acetylglucosaminidase
Man (3.2.1.30)

Man—GIcNAc + GicNAc
Man

a-Mannosidase
(3.2.1.24)

Man—GIcNAc + Man

B-Mannosidase
(3.2.1.25)

Man + GIcNAc

Ficure 5.29 Steps in the catabolism of a typical heterosaccharide structure. The
number in parentheses under each enzyme is its E.C. designation.

biopsy tissue the diagnosis can be made. In some cases, fibroblast
culture permits the determination of the nature of the disease. This can
be ascertained by adding the enzyme to the culture medium. If a
specific abnormality exists, this will correct the deficiency.(152:159

5.8.2 Mannosidosis

A patient was studied in 1967 with symptoms which resembled,
to some extent, those of Hurler’s syndrome. These symptoms included
psychomotor retardation, slight gargoylelike facies, vacuolized lympho-
cytes, and recurrent infections.*5% This condition was identified as an
o mannosidase deficiency. In this condition, tissue ¢ mannosidase is re-
duced substantially. The disease, now called mannosidosis, had also been
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6
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Ficure 5.30 Polysaccharides found in human (Nos. 1-4) and bovine (No. 5)
urine with mannosidosis.

observed in Angus cattle since at least the 1950s, but its etiology was
not ascertained until 1972.45% Polysaccharides found in human brain
and other tissue and in urine from patients with mannosidosis are
shown in Figure 5.30.459 A sequence of three N-acetylglucosamines in
succession, as observed in cattle, has not been identified in human
glycoproteins.

Three different mannosidases have been isolated from human liver;
A and B have their pH optima at acid pH (about 4.5) and C has its
optimum pH at about 7.0. Forms A and B differ only in sialic acid
content.*®” These enzymes are « mannosidases and do not hydrolyze
the inner mannose linkages which are g linkages (Figure 5.30). The
deficiency in humans and cattle is an « mannosidase deficiency of all three manno-
sidases.

The diagnosis of mannosidosis can be made by assay for the
enzyme from serum, leukocytes, or biopsy material or by determination

of the trisaccharide, Man—> Man 2> GIcNAc, in the urine. For
this purpose the trisaccharide is isolated by gel filtration on a
column. The aldehyde group is reduced with sodium borohydride and
the resultant alditol is methylated. The methylated trisaccharide can be
determined by gas chromatography.*®® Normally, this trisaccharide
is not detected in urine. With mannosidosis values of 200-800 mg/liter
are found.

The enzymatic method is most practical for routine use. The
reaction can be carried out with leucocytes or serum and heterozygotes
can be detected by determining their ratio to N-acetyl-g-glucosamini-
dase normally present.59
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5.8.3 Fucosidosis

Fucosidosis, as a deficiency of a-L-fucosidase, was first discovered
in 1966.469-162 The clinical manifestations include progressive motor
and mental deterioration, coarseness of facial features, cardiomegaly,
hepatomegaly, and skeletal abnormalities including short stature. The
tissues show vacuolated cytoplasm of epithelial and stromal cells sug-
gestive of a lysosomal storage disease. The homozygote is mentally
retarded and may develop grand mal seizures. The course is progres-
sive so that by about 10 years of age the patients require complete
nursing care being severely mentally retarded. The disease is trans-
mitted as an autosomal recessive.

On electrophoresis in gels, leucocyte «-L-fucosidase shows an
isoenzyme pattern resembling that for lactate dehydrogenase, with
five or six major bands.*®® Fractionation on DEAE cellulose of kidney
fucosidase yields two enzymes, one with an optimum pH at 6.5 and the
other at pH 4.4. The pH 6.5 enzyme has a high molecular weight and is
heat labile, whereas the enzyme with pH maximum at 4.4 is heat
stable. When serum is incubated at 70°C for 20 min, normal serum
retains 65%, of its « fucosidase activity. No measurable activity is
observed in the heat-treated serum of patients with fucosidosis.(164-165
Thus the deficiency is a deficiency in a specific enzyme.

With fucosidosis, fucose-containing polysaccharides are found

L-Fuc

la‘l—Z
1-4 1-2
GaIB—-—>GIcNAcB——>Man

al-6
\Man pr4

+——GIcNAc

A1

1-4 -2
Gal B———)GIcNAc ——>Man-"al-3

Ta‘l-z

L-Fuc
al-6
L-Fuc——GIcNAc
al-6
Fuc——GIcNAc — Asn

Ficure 5.31 Polysaccharide fragments found in urine and tissues of patients with
fucosidosis.
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Ficure 5.32 Some heterosaccharides containing fucose which are found in human
milk, probably as lactose precursors. The fucoses are all of the L type, with the «
linkage. The lactose portion of each molecule is enclosed in the dotted lines.
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deposited in various tissues in the body especially in the lysosomes. This
accounts for the cardiomegaly and hepatomegaly.

The disaccharide fragment, L-Fuc LN GIcNAc, is found in brain
and urine, along with other polysaccharide fragments containing
fucose, 89 see Figure 5.31.

The disease is variable, some of the patients living to adulthood
with less severe symptoms. The reason for this is partially the variability
of the polysaccharide chains. For example, a patient secreting LeP-type
blood group antigen will secrete more fucose-containing polysaccha-
rides than one with the Le® antigen (Figure 5.23). On the other hand
the nonsecretor is at an advantage with this disease, since he does not
release these fucose-containing heterosaccharides into the body fluids
and secretions. The diet is important. Milk contains substantial
amounts of fucose-containing polysaccharides. Other foods contain
less. These polysaccharides cannot be metabolized by the infant with
mannosidosis and some deposit in the lysosomes (Figure 5.32).

From Figure 5.32 it can be seen that all these polysaccharides

contain lactose (Gal LY Glc). This seems to indicate that lactose, a
predominant component of human milk (5,) derives from a higher polysaccharide
containing fucose.

5.9 GLYCOSAMINOGLYCANS: THE
MUCOPOLYSACCHARIDES

The mucopolysaccharides (glycosaminoglycans) comprise a family of
polymeric disaccharides with N-acetylchondrosine as a repeating unit
and about one sulfate group per repeating disaccharide. Chondrosine is a
disaccharide made up of a uronic acid, such as glucuronic or iduronic,
linked to N-acetylgalactosamine. The chondroitin sulfates (see Figure
5.33) have the general formula

ISO,,H
glucuronate 22, GalNAc ”

When glucuronic acid (GIcUA) is replaced by its epimer at the 5’
position, it becomes iduronic acid (IdUA). In this case the polymer is
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Chondroitin-4-Sulfate
(Chondroitin Sulfate A)

CH20H
HSO
"V GalNAc
3 n

H—N— C—CH

Dermatan Sulfate
(Chondroitin Sulfate B)

CH20—803
0— GalNAc \:§\
3

Chondroitin-6-Sulfate
(Chondroitin Sulfate C)

Ficure 5.33 Structure of the repeating units of the various chondroitin sulfates.
In dermatan sulfate, iduronic acid (IdUA) replaces glucuronic acid (GIcUA).

referred to as dermatan sulfate. The structure then becomes:

SO,H

L-Iduronate 22> GalNAc /,

Chondroitin sulfate acts to cross-link collagen, creating a flexible
linkage between the tough protein filaments of cartilage. This serves
as a resilient matrix for calcification to form bones and teeth and for
the formation of structures such as the nasal septum. The sulfate is on
the 4 or 6 position of the galactosamine. When in the 4 position, we have
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chondroitin sulfate A. When in the 6 position, we have chondroitin
sulfate C.

Dermatan sulfate, also called chondroitin sulfate B, is present in
soft connective tissue and is the main cross-linking substance for collagen
in skin, arterial walls, and cartilage. The sulfate is in the 4 position on
the GalNAc portion of the disaccharide repeating unit. Cross-linking of
collagen with dermatan sulfate produces a softer and more flexible structure
suitable for construction of tissues where more flexibility is required.

In addition to the structural mucopolysaccharides, a number of
others serve varied functions. Hyaluronic acid, a sulfate-free polysac-
charide, related to dermatan sulfate in structure, is made up of repeat-
ing units of a disaccharide, GIcUA 25 GlcNAc. Its molecular weight
ranges from 50,000 to as high as 8 million.*8-17® Hyaluronic acid is a
thickening agent and lubricant. It is present in serum, synovial fluid,
vitreous humor, umbilical cord (Wharton’s jelly), and sperm fluid, and
coats the walls of the gastrointestinal tract, where it protects against
bacterial invasion and digestion by the gastrointestinal enzymes.

Pathogenic bacteria secrete enzymes called hyaluronidases (E.C.
3.2.1.35 and 3.2.1.36), which hydrolyze hyaluronic acid and thus gain
access to the tissues. Sperm can release hyaluronidases, which along
with acid phosphatase of semen dissolve the wall of the ovum permitting
one of the sperm to penetrate the egg. The structure of hyaluronic acid
is shown in Figure 5.34. Hyaluridase is also known as the “spreading
factor.”” It can be assayed by its effect in lowering the viscosity of a
solution of hyaluronic acid. Its activity accounts for the increased
sedimentation rate of erythrocytes in rheumatoid disease.

Heparin, originally isolated from liver as its name indicates, is a
major anticoagulant in the human protecting against thrombosis.
It is present in liver, lung, and mast cells in relatively high concentra-
tion. It is composed of repeating units of a disaccharide having the
structure GlcUA 22> GIcN (see Figure 5.34).271-172 Tts molecular
weight, after removing the sulfate esters, ranges from 600 to 20,000,
depending upon the source and method of isolation. It occurs sul-
fonated on the nitrogen in the 2 position of glucosamine. Some sulfate
ester also occurs at position 6.

Related to heparin is heparitin sulfate (heparan sulfate).*™ It is a
variable structure (microheterogeneity), composed mainly of repeating
units of a disaccharide similar to that of heparin, but where p-glucu-
ronic acid (GlcUA) is replaced by its epimer, L-iduronic acid (IdUA)
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r CH,0H T
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Ficure 5.34 Comparison of the structures of heparin and hyaluronic acid. Heparin
carries sulfate on the nitrogen, and often on the 2’ position of the glucuronate and
3 position of the glucosamine moiety.

al-4

(IdUA —— GIcNAc). In addition, disaccharides with p-glucuronic
acid, also occur in the polymer, resulting in heterogeneity of the
structure. As distinct from heparin, some of the glucosamine is acety-
lated. A typical sequence would be:

al—+4 al-4 Bl-4

24, [dUA 245 GIeN 24, 1dUA 2% GIcNAc 22> GlcUA 224,

This structure is shown in Figure 5.35.

Heparitin sulfate occurs normally in liver, lung, spleen, and other
organs, especially of the reticuloendothelial system, and its formation
is related to heparin synthesis. It has no anticoagulant activity, how-
ever.

The structure of dermatan sulfate as indicated in Figure 5.33 is a
simplification. When isolated, it contains a variable amount of glucu-
ronic acid, which is integrated into the polymer chain. A typical
structure is shown in Figure 5.35 and in simplified form can be repre-
sented as,

A4, IdUA =25 GalNAc 225 IdUA 225 GalNAc 2% GlcUA 22,
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A mucopolysaccharide occurs in the costal cartilage and cornea of
the eye and other tissues, which is referred to as keratosulfate or keratan
sulfate. It is composed of equimolar amounts of sulfate, N-acetylgluco-
samine, and galactose. The structure of keratan sulfate is variable and
may contain mannose, L-fucose, and sialic acid, as isolated from various
sources.174-178) A representative sequence is elaborated in Figure 5.35.
This may be represented as follows:

Bl-4 Bl1-4 B1-3

A1 GleNAe 225 Gal 245 GalNAc Al

('}al
|
SO,H SOz;H

Catabolism of the Mucopolysaccharides (Glycosaminoglycans)

Most likely, the glycosaminoglycans are synthesized initially as
glycoproteins as described in Section 5.4. This is supported by the finding
of fragments of heparan sulfate in the urine which contain serine and
the monosaccharides normally associated with a glycoside linkage in
the glycoproteins, GIcNAc, Gal, and xylose.®75:17" They are then
cleaved from the protein by various endoglycosidases.X”® The catab-
olism of the major heparan, dermatan, or keratan sulfate moiety then
proceeds sequentially from the nonreducing end."®

It should be pointed out that glycosaminoglycans form complexes
with polypeptides and it is possibly that they are transported in this
form to sites of cartilage and ground substance synthesis, where they
form complexes with collagen to build a structure such as cartilage, a
blood vessel or a membrane.

Those studying glycosoaminoglycan catabolism have assigned
sequential numbers to the various enzymes, approximately in the order
in which they act on heparan, dermatan, and keratan sulfates. These
are listed in Table 5.6 in the order in which they act on the glycos-
aminoglycans.

Figures 5.36 and 5.37 indicate the steps in the degradation of
typical mucopolysaccharides.

In the mucopolysaccharide (glycosaminoglycan) storage diseases one or
more of these steps cannot take place at the normal rate. This results in
accumulation of the glycosaminoglycans in the lysosomes. The lyso-
somes become engorged and swell, resulting in the swelling of the liver,



Glycoproteins and Proteoglycans 129

14 1-4 — 1-4 14
IUA—" 5 61N 1aua 217 61N Gleua Bt
26_s0,H ®0s0,H HNSOZH
@ J] iduronate sulfatase
al-4 al-4 al—4 al-4 p1-4
IdUA —— GIcNAC — > IdUA ——>GIcN——> GIcUA —>

®)050,H HNSO,H

@ ‘ a-L-iduronidase

al-4 al-4 al-4 B1-4
GlcNAc IdUA Glcf]l GlcUA——M
6)0s0,4H HNSO,H

N-acetyl
@ glucosamine-6-sulfatase

al-4 al-4 al-4 B1-4
GIcNAc IdUA GlcN GlcUA M

HNSO3H
B-N-acetyl
@ l glucosaminidase

al-4 al-4 p1-4
IdUA GIcN GIcUA M

HNSOH
@ l a-t -iduronidase

al-4 B1-4
GIcN GlcUA M

HNSOgH
glucosamine
@ lN-sulfatase
1-4 1-4
leN s grcua P

@ l a-glucosaminidase

g1-4
GlcUA—>M

@ lﬂ-glucuvonidase

M

Ficure 5.36 Steps in the catabolism of heparan sulfate. Heparan and dermatan
sulfates have the same uronic acid components, but differ in that the amino sugar
is galactosamine in dermatan sulfate, with 8 linkages. M represents the repeating
units of the mucopolysaccharide. The circled numbers refer to the enzyme numbers
in Table 5.6.
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©)s0,H
N-acetyl
@ l galactosamine-6-sulfatase then
B-N-acetyl galactosaminidase (9)

p1-4
GicUA——M

® l B-glucuronidase

M
Ficure 5.37 Steps in the catabolism of dermatan sulfate. M represents the con-
tinuation of the mucopolysaccharide chain. The circled numbers refer to the
enzyme numbers in Table 5.6. The numbers in parentheses refer to the position
of attachment on the sugar.
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TABLE 5.6
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Enzymes Responsible for the Catabolism of the Glycosaminoglycans in Approximate
Order of Their Action on the Substrate

Sequence Alternative
number? designation E.C. designation Substrate

1 r-Iduronate sulfatase — L-Iduronate-2-sulfate
(heparan and keratan
sulfates)

2 a-L-Iduronidase 3.2.1.76 Iduronate «1-4 linkage
(heparan and keratan
sulfates)

3 N-acetylglucosamine-6- 3.1.6.1° N-Acetylglucosamine-6-

sulfate sulfatase sulfate
(aryl-sulfatase B)

4 B-N-acetyl-o- 3.2.1.50 al Linkage of N-acetyl-

glucosaminidase glucosamine

5 B-Glucuronidase 3.2.1.31 B-Glucuronides

6 (Heparan N-sulfatase) —_ a-Glucosamine-

Sulfamidase N-sulfate
(N-sulfatase)

7 a-Glucosaminidase — a-Glucosamine, 14
linkage

8 N-acetylgalactosamine- - 3.1.6.1° N-Acetylgalactosamine-

4-sulfatase 4-sulfate

9 B-N-Acetyl- — N-Acetylgalactosamine-

galactosaminidase B1-4 linkage
10 N-Acetylgalactosamine 3.1.6.1° N-Acetylgalactosamine-

6-SO,-sulfatase

6-sulfate

¢ Sequence numbers of McKusick et al.(/80

® The same number is assigned to a group of aryl sulfatases.

heart, spleen, and other tissues. In addition, the mechanism for laying
the foundation for the mineralization of bones and teethis compromised,
and a general dysostosis (defect in the ossification of cartilage) develops
in severe cases called dysostosis multiplex. Figure 5.38 is an electron
micrograph of the appearance of the lysosomes in a lysosomal storage

disease.
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Ficurk 5.38 Electron micrograph showing enlarged lysosomes (arrows) due to
storage of huge amounts of glycolipids in a granulocyte. Courtesy of Joseph
Dardano, NASA Research Laboratories, Houston ( x 13000).
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5.10 GENETIC GLYCOSAMINOGLYCAN STORAGE
DISEASES

The first clear descriptions of patients with genetic glycosamino-
glycan storage diseases were those of Hunter in 1917 and Hurler in
1919.¢48D Subsequently, these syndromes were referred to as gargoylism,
from the facial appearance of the patients, dysostsis multiplex, from the
skeletal deformities, and lipochondrodystrophy, on the assumption that the
storage material was lipid in nature. In 1952, it was demonstrated by
metachromatic staining of tissue, that the stored material was composed
of mucopolysaccharides. The name mucopolysaccharidosis was then
used 182 for Hurler’s, Hunter’s, and related syndromes.

In 1957, large quantities of heparan and dermatan sulfate were
isolated from the urine of a patient with Hurler’s syndrome.?7?
Subsequently, this finding was confirmed by others. It was soon found
that patients with related symptoms also excreted mucopolysaccharides,
but of different composition. It then became possible to classify the
diseases biochemically, first by the nature of the polysaccharides
accumulating, and subsequently by the enzymatic defect which caused
certain glycosoaminoglycans to deposit in the tissues and be excreted
in the urine.®® The classification is based on the enzymes listed in
Table 5.6 and referred to in Figures 5.36 and 5.37. Table 5.7 classifies
the mucopolysaccharidoses and identifies the genetic defect.

5.10.1 Hurler’s Syndrome (Type I H)

Hurler’s syndrome is designated MPS-1, the MPS standing for
mucopolysaccharidosis. The MPS distinguishes these type numbers
from those used for the glycogenoses, lipidoses, and others. We will
dispense with this designation except where its deletion would result in
confusion.

Hurler’s syndrome (Type I H) is a progressive disease resulting in
death at about age 10. The infants appear to be normal at birth.
Subsequently they progressively deteriorate mentally and physically.
Dwarfing becomes evident at about 2-3 years of age, at which point
growth ceases, the cornea becomes cloudy, and the facies become
coarse taking on the appearance of the gargoyle on medieval castles.
Joints become stiff and claw hands develop. These patients also become
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deaf. Involvement of the heart valves and lung occur with stertorous
breathing. Skeletal abnormalities develop with widening of the medial
end of the clavicle. The sella turcica is enlarged, the optic chiasm being
elongated, creating the J-shaped or w sella.179-182

The disease is inherited as an autosomal recessive. It is estimated
that there is an incidence of 1 out of 100,000 births. About 1 in 150 are
carriers for the disease. Death usually results from pneumonia or heart
disease.(18®

The basic defect, as indicated in Table 5.7, is a deficiency of o-L-
iduronidase, enzyme No. 2 in Table 5.6, and Figures 5.36 and 5.37. It
is therefore apparent that except for some removal of sulfate, dermatan
sulfate and heparan sulfate cannot be metabolized. These patients possess
adequate amounts of glucuronidase. For this reason, chondroitin
sulfates A and C and keratan sulfate can be metabolized (see Figures
5.33 and 5.35).

Diagnosis can be first made by metachromatic staining by the urine
of a paper impregnated with alcian or toluidine blue. Cetyl pyridinium
salts will precipitate the mucopolysaccharides from urine. Albumin
acidified with dilute acid will also precipitate the mucopolysaccha-
rides-(184 ~186)

A most practical method for identifying some of the glycosamino-
glycans is by agarose and acrylamide gel electrophoresis. Since the
sulfated mucopolysaccharides are highly charged, they move fairly
rapidly at pH 9.0 and separate. Chondroitin sulfates A, B, and C are
available commercially. Heparan sulfate is readily prepared from beef
lung. Electrophoresis can be carried out before and after the action of
chondroitinases, which are available commercially. By these techniques,
it is practicable to distinguish Hurler’s from Hunter’s syndrome or
Sanfilippo A and B.?8"

Although it is practicable to demonstrate the accumulation of
[35S]-mucopolysaccharides by cultured fibroblasts and the correction
of this defect by adding e-L-iduronidase,*®® a much simpler approach is
to determine a-L-iduronidase in the leukocytes of the patient.(189-19
The use of a-L-iduronidase in cultured fibroblasts of amniotic fluid is
useful in detecting Hurler’s syndrome prenatally.®® The heterozygote
can be detected since the a-L-iduronidase concentration of leukocytes
is about half that of the normal.

There is no treatment for Hurler’s syndrome which will affect the
course of the disease process. Infusions of e-L-iduronidase have been
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tried in several patients. The urinary excretion of mucopolysaccharides
decreased but the effect was transient and did not influence the pro-
gressive course of the disease significantly.**® This needs to be explored
further.

5.10.2  Scheie’s Syndrome (Type I1.5)

A syndrome was discovered in 1962 which resembled Hurler’s
disease, except that it was observed in adults.*®® Enzyme studies
revealed a deficiency of a-L-iduronidase.*®® Since the disease is a
milder form of Hurler’s disease, it was expected that some a-L-iduroni-
dase activity was present. This could not be confirmed with cultured
fibroblasts.®*®™ In tissue culture studies, Scheie cells will not correct the
Hurler cell deficiency.

The patient with Scheie’s syndrome shows severe clouding of the
cornea, deformity of the bone structure, and involvement of the aortic
valve. Intelligence is normal. Patients with Scheie’s syndrome include
college graduates and professionals. Deafness is common among these
patients.

The disease is usually associated with corneal clouding and pig-
mentary degeneration of the retina and glaucoma leading to visual
disability. Facies are coarse, with the broad mouth characteristic of
Hurler’s disease. Stiff joints develop as the patient matures with claw
hand and other skeletal deformities and the development of carpal
tunnel syndrome. Patients complain of stiff, painful legs which inter-
feres with walking. Feet are misshapen. Stature can be normal, although
short stature is usually reported in these patients.

Scheie’s disease is inherited as an autosomal recessive. A woman
with Scheie’s disease is reported to have given birth to a normal son.19%
The frequency of Scheie’s syndrome is estimated at 1 in 500,000
births,(19®

It is postulated that Hurler’s and Scheie’s syndrome represent
homozygosity for two different alleles at the structural locus for
a-L-iduronidase synthesis. This concept is supported by a phenotype
with « iduronidase deficiency intermediate Hurler’s and Scheie’s
syndrome. This is designated Type I H|S mucopolysaccharidosis.

Symptoms in patients with the hybrid Hurler-Scheie’s syndrome,
are intermediate in severity to the two primary syndromes. These
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patients are short with dysostosis multiplex, mental retardation, and
severe involvement of the heart and liver. The cornea is cloudy. Stiff
joints and claw hand occur in these patients. Valvular heart lesions are a
constant finding. There is a tendency to a receding chin. There is
marked destruction in the sella turcica region and cribiform plate,
with the development of an arachnoid cyst. Patients tend to be blind
with degenerative optic nerve changes. Spinal fluid block at the level
of C2 and C5 occurs.

Patients with the Hurler—Scheie’s syndrome have been known to
survive to their 20s and some females have become pregnant. On
autopsy, mucopolysaccharide storage in connective tissue is observed
throughout the body. The dura is thickened and contains infiltrates of
foamy macrophages loaded with mucopolysaccharides.

The mucopolysaccharides found in the urine in Scheie’s disease
are the same as in Hurler’s syndrome. In the less severe Scheie’s disease
with normal intelligence, eye surgery for glaucoma and corneal
transplantation have been successful. 199

The laboratory tests for Hurler’s and Scheie’s syndrome do not
distinguish between these conditions. This can only be done clinically.
However, the absence of «-L-iduronidase in the leucocytes of a patient
who has gone beyond puberty is diagnostic of Scheie’s or the compound
disease, depending upon the clinical behavior of the patient.(20®

5.10.3 Hunter’s Syndrome (Type 1I)

Hunter’s syndrome is a disease of glycosaminoglycan accumulation
in the lysosomes, as is Hurler’s, but differs in its cause. It is a much
milder disease and is distinct from Hurler’s since there is no clouding of
the cornea. The prominent features of this condition are stiff joints,
dwarfing, coarse facial features, progressive deafness, mental deteriora-
tion, and progressive loss of vision due to papilledema and retinitis
pigmentosa. In the severe form of the disease, patients live to about
15 years of age. In these cases hydrocephalus develops. The autonomic
nervous control system is defective and diarrhea is a common problem
in these patients.2oD

In the mild form of Hunter’s syndrome the patients show rosy
cheeks (plethoric appearance), the voice is hoarse, and heart disease
is chronic caused by valvular, myocardial, and ischemic factors. Death
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usually results from a heart attack. Degenerative arthritis and lung
disease with airway obstruction is seen in the adults. With the mild
form of Hunter’s disease, patients have survived to beyond 60 years of
age. Some show normal intelligence and minimum skeletal symptoms. 202

The defect in the Hunter’s syndrome is a deficiency of the enzyme L-iduronate
sulfatase (see Figures 5.36 and 5.37 and Table 5.6. The first step in the
catabolism of dermatan sulfate and heparan sulfate is blocked. As a
result, these glycosaminoglycans accumulate in all tissues of the body,
and are excreted in huge quantities in the urine. Keratan sulfate and
chondroitins A and C are metabolized normally (Figures 5.33 and 5.35)
since they do not contain the iduronate-2-sulfate residue. Since sulfates
have a tendency to hydrolyze nonenzymatically to some extent, some
metabolism of dermatan and heparan sulfate is possible. This may be a
factor in reducing the severity of the disease in Hunter’s as compared
to Hurler’s syndrome. An ameliorating factor is that with the sulfate
attached, the glycosaminoglycans are more soluble. Thus, in Hurler’s
syndrome the material deposited in the lysosomes is more insoluble and
accumulates more rapidly, resulting in more severe symptoms.

Hunter’s syndrome is readily noted as a suspected mucopolysac-
charidosis with the screening tests for mucopolysaccharides in the
urine, as described under Hurler’s disease.(?84-18®) Electrophoresis is
useful, since the more highly sulfated dermatan and heparan sulfates
have an increased mobility over the lesser sulfated mucopolysac-
charides.*®" If Hunter’s disease is suspected, a direct test for iduronate
sulfatase is practicable in serum and leukocytes.(199,208,20)

Confirmation of Hunter’s disease can be made by adding the
normal cells to cultured fibroblasts from the patient to see whether this
corrects the accumulation of [3°S]-mucopolysaccharides. Cloning can
reveal the Hunter cells in heterozygotes. Occasionally the heterozygote
cells become spontaneously enriched with Hunter cells during cell
culture.% The use of cell cultures is still the preferred technique for
prenatal determination of Hunter’s syndrome in the homo- and hetero-
zygote.(19%)

In contrast to Hurler’s disease, which is inherited as an autosomal
recessive, Hunter’s syndrome is inherited as an X-linked recessive.
Mutations at the same X-chromosome locus probably account for the
variability of the severity of this disease.

The Lyon hypothesis (see Volume 2, pp. 217, 218, 473) designed
to explain mosaicism in erythrocytes, proposes that only one X chromo-
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some is functional in each cell. There would therefore be two populations
of cells in the Hunter heterozygote (trait) whether the maternal
(Hunter) or paternal (normal) X-chromosome is active. This hypoth-
esis is used to explain the mosaicism seen in cell cultures when the
cells obtained from heterozygotes are stained with metachromatic
stains to reveal the deposited mucopolysaccharides.

Attempts have been made to treat the Hunter’s syndrome with
plasma and lymphocyte transfusions to supply iduronate sulfa-
tase.(194,206.20M Results have been only minimally effective. An inter-
esting approach is the use of a skin graft from a histocompatible sibling.2°®
This was effective in significantly decreasing heparan and dermatan
sulfate excretion in the urine.

5.10.4 Sanfilippo Syndromes A and B (Type 11I)

Sanfilippo syndrome was first reported (1961) as a variant of
Hurler’s disease.?°® This case was subsequently shown to have the
Type B form of the disease. Two years later the condition was described
more fully and recognized as a disease different from Hurler’s or
Hunter’s.219

The clinical course is severe. Progressive mental retardation is
usually not marked until about 5-6 years of age. Subsequently, the
patients lose the power of speech and survive only to about age 20.
There is no clouding of the cornea, hepatosplenomegaly is slight, and
the bone changes are less severe than in Hurler’s or Hunter’s disease.
Dwarfing is moderate. The calvaria tends to be unusually dense and
dorsolumbar vertebral bodies show ovoid dysplasia. Hirsutism is
common. Mucopolysaccharide concentration in urine is not very high
and may be negative. Cardiac valvular defects develop and in one case
the mitral valve was replaced in a child 3 years old.(?*V

Both types of Sanfillipo syndrome are inherited as autosomal
recessives. The A type of the disease is more common by at least a
factor of two.#12

The defect in Sanfillipo A is the absence of the sulfatase which hydrolyzes
the sulfate from the nitrogen in heparan.**® This is listed as enzyme No. 3
in Figure 5.36 and Table 5.6. This enzyme is not required for the
hydrolysis of dermatan sulfate (Figure 5.37) and dermatan sulfate
is not found in the urine of these patients in increased amounts. This
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distinguishes Sanfillipo from Hurler’s and Hunter’s disease. This enzyme is
sometimes referred to as heparan- N-sulfatase and heparin sulfamidase
since it acts on these substrates.

The enzyme deficiency of the B form of Sanfillipo disease is unrelated to
that of the A form. In this case there is a deficiency of B- N-acetyl-«-glucosamini-
dase. This is listed as enzyme No. 4 in Table 5.6 and Figure 5.36. This
enzyme is required to hydrolyze heparan sulfate (Figure 5.36) but not
dermatan sulfate (Figure 5.37). Thus in both Sanfillipo A and B
only heparan sulfate is found in increased amounts in the urine.
Addition of N-acetyl-a-p-glucosaminidase to a culture medium of
fibroblasts from patients with Sanfillipo B disease corrects the defect.1%

In a case of Sanfillipo B disease, the presence of an inactive form
of the N-acetyl-a-glucosaminidase was shown by immunochemical

techniques.2*®

Urinary excretion of heparan sulfate with the clinical symptoms
described, is evidence for pursuing the concept that the patient has the
Sanfillipo syndrome. Serum or leukocyte assay for N-acetyl-a-gluco-
saminidase is effective in the identification of the Sanfillipo homo- and
heterozygote.‘?'® The differences in structure of the heparan in the
A and B syndrome has been used to differentiate these two condi-
tions.?17-218 Prenatal diagnosis using cultured fibroblasts is also a
practical procedure.®19

5.10.5 Morquio’s Syndrome (Type IV')

This syndrome is not uncommon among the French Canadians of
Eastern Quebec Province.2? It bears the name of Morquio who first
described the syndrome in 1929. The disease is characterized by short
limbs, out of proportion to the size of the torso. The neck is contracted
so the head rests almost directly on the shoulders. As our understanding
of the mucopolysaccharidoses developed, it became apparent that
Morquio’s syndrome was a mucopolysaccharidosis. Inclusions in
leukocytes and brain cells, excessive secretion of keratan sulfate but not
heparan or dermatan sulfate, coarse facies, cardiorespiratory insuffi-
ciency, prominence of the lower ribs noticed at 12-18 months, all
pointed to a glycosaminoglycan storage disease.(221-2249

With Morquio syndrome, growth stops after age 6-7. In severe
cases, dental enamel is abnormally thin.??® Clouding of the cornea is
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mild and deafness is an invariable finding. The joints tend to be exces-
sively loose and instability at the wrist tends to incapacitate the patient.
A constant feature of the syndrome is absence or severe hypoplasia of
the odontoid process of the second cervical vertebra. Atlantoaxial
subluxation is a major problem. Aortic regurgitation develops in some
patients.

By the time these patients reach their teens, keratan sulfate
excretion in the urine is reduced so that it is almost undetectable.
Although knock-knees is a serious problem in the severe form of the
disease, some of these patients with mild symptoms have straight
legs.(222

Patients with the severe form of Morquio’s syndrome do not survive
much beyond 20-30 years of age. Patients with the milder forms have
lived beyond 60 years of age.

Figure 5.33 illustrates the fact that chondroitin sulfate contains
sulfate ester on N-acetylgalactose at both the 4 and 6 position. Dermatan
sulfate contains sulfate only in the 4 position. The sulfate in keratan
sulfate is in the 6 position on N-acetylglucosamine and galactose
(Figure 5.35). When fibroblasts cultured from a Morquio patient were
incubated with chondroitin sulfate preparations, only sulfate at the 4
position could be hydrolyzed. Thus, the defect in Morquio’s syndrome
seems to be in deficiency of N-acetylgalactosyl-6-sulfate sulfatase.22%
Keratan sulfate, however, has the sulfate on galactose and N-acetyl-
glucosamine and not on N-acetylgalactosamine (Figure 5.35). It is
probable that the enzyme specificity is for sulfate on the 6 position and
the N-acetyl group and the configuration of the monosaccharide does
not interfere in its action as long as it is in the p-form.22®

At present, the diagnosis of Morquio’s syndrome depends upon the
clinical appearance and behavior of the patient and the finding of
keratan sulfate in the urine.

No effective treatment for Morquio’s syndrome has been
developed.

A syndrome which combines the features of Morquio’s and
Sanfillippo syndromes has been reported in a patient. This 5-year-old
male had an N-acetylglucosamine-6-sulfate sulfatase deficiency.?2™ This is
enzyme No. 3 in Table 5.6 and Figure 5.36. The patient was of short
stature, with excessive coarse hair, hepatomegaly, mild dysostosis
multiplex, and hypoplasia of the odontoid. The cornea was clear.
Both keratan and heparan sulfate were found in the urine. Circulating



Glycoproteins and Proteoglycans 143

lymphocytes, stained with toluidine blue, showed ring-shaped deposits
under the cell membrane.

Unlike Morquio’s syndrome, cultured fibroblasts accumulated
[33S]-mucopolysaccharides. Both heparan and keratan sulfates contain
sulfated N-acetylglucosamine, which is the substrate for the missing
enzyme. Both parents showed partial deficiency of the enzyme. The
syndrome is therefore inherited as an autosomal recessive.

5.10.6 Maroteaux—Lamy Syndrome (Type VI)

In 1963, a report appeared describing a patient with dysostosis
multiplex, but differing from Hurler’s syndrome in that the urine
contained chondroitin sulfate (Figure 5.33). The syndrome is named
after the authors.®2” In Type VI mucopolysaccharidosis the bone
abnormalities become obvious at about age 2 with genu valgum (knees
twisted outward), lumbar kyphosis (hunchback), contracture of the
fingers, and anterior sternal protrusion.??® There is severe restriction of
movement of the joints. The corneas are cloudy and cardiac abnormali-
ties, seen in Hurler’s syndrome, are present. Hydrocephalus, requiring
a shunt, is common, and there are neurological complications resulting
from atlantoaxial subluxation (partial dislocation of the first verte-
bra).??® The joints, especially the head of the femurs, are severely
affected. Patients with the severe form of the disease rarely survive past
their 20’s.

Milder cases occur where the stiffness at the joints are minimal,
stature is short, and corneas are cloudy. However, these patients are
able to work at various occupations.®3? Cases intermediate the mild
and severe form also occur. These patients resemble Scheie’s syndrome
patients but are shorter in stature. They may be of superior intelligence.
However, there are substantial changes at their joints and hips.23

Even in the mild form of Maroteaux—Lamy syndrome, there is
myelopathy because of compression of the cervical region of the spinal
cord by thickened dura. Neurological deterioration proceeds slowly
but progressively. Aortic stenosis also occurs.@29-23D

Some of the patients with a mild form of Maroteaux-Lamy
syndrome have become pregnant. Severe neurological deterioration
then occurs, especially in the last trimester.#29

The defect in the Maroteaux—Lamy syndrome is the inability to hydrolyze
the sulfate which occurs at the 4 position of N-acetylgalactosamine of dermatan
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sulfate (Figure 5.35). N-Acetylgalactosamine-4-sulfatase and arylsulfa-
tase B have been shown to be the same enzyme.?3? This distinguishes
this disease from metachromatic leukodystrophy, where the defect is in
arylsulfatase A (see Volume 2, p. 95).23® The defect is in enzyme No.
8 of Table 5.6 and Figure 5.37.¢23®

Lysosomal inclusions in the Kupffer cells and abnormal meta-
chromatic staining in the leukocytes is severe in Type VI disease.(234-235)
Inclusions are also seen in the cornea, conjuctiva, and skin.

Urinary excretion of dermatan sulfate exclusively suggests the
Maroteaux-Lamy syndrome. This can be detected by acrylamide gel
electrophoresis before and after treatment of the urine with arylsulfatase
B. The determination of arysulfatase B activity in the leukocytes is
the simplest specific test for Type VI mucopolysaccharidosis.(233-23%
Prenatal diagnosis is also practicable with the use of synthetic
substrates.@3%

5.10.7 Sly Syndrome : B-Glucuronidase Deficiency (Type VII)

In 1973, the first case of B-glucuronidase deficiency was reported. (237
This is listed as enzyme No. 5 in Figures 5.36 and 5.37 and Table 5.6.
This patient was a black male, 7 weeks of age when first examined. He
showed umbilical hernia, hepatosplenomegaly, metatarsus adductus,
and the facies of the mucopolysaccharidoses patients. Circulating and
bone marrow granulocytes showed metachromatic staining granules.
Subsequently, he developed anterior chest deformity and bilateral
inguinal hernias (common in the mucopolysaccharidoses) which were
repaired. Between 2 and 3 years of age mental deterioration became
apparent. Mucopolysaccharide levels in urine were only slightly elevated.

Several other patients have been reported subsequently. There are,
however, substantial differences in the clinical course and biochemical
findings. In the first patient, the cornea was clear and the patient was
mentally retarded. Others showed severe corneal clouding and some
showed normal intelligence.(238:239 All the patients which have been
reported (about ten) showed the coarse facies and cardiac involvement.
Several have shown the lung anomalies with repeated episodes of
pneumonia common to the mucopolysaccharidoses.

B-Glucuronidase deficiency is inherited as an autosomal recessive,
and the locus for the gene for f-glucuronidase synthesis has been found
on chromosome No. 7.(240
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The deficiency of B-glucuronidase can be shown in the fibroblasts
and leukocytes.@38:239 From Figures 5.36 and 5.37 it can be seen that
the block occurs in enzyme No. 5. The disease is of varied expression.
In some patients, only dermatan sulfate is found in the urine. In others,
heparan sulfate is found. In some, both heparan and dermatan
sulfate are found. In still others, only lower-molecular-weight poly-
saccharide fragments appear in the urine.3®

Total deficiency of B-glucuronidase would be incompatible with
life because B-glucuronidase is utilized for many purposes in the human.
The fact that these patients have survived to term, indicates that they
have varying amounts of glucuronidase activity. On immunoassay of
tissue extracts and serum from these patients, cross-reacting material
with antibodies for B-glucuronidase has been demonstrated.?* Thus
variable mutations in a structural gene for the enzyme is the probable
defect in these cases.

The diagnosis of B-glucuronidase deficiency is readily made by
measuring the p-glucuronidase concentration in fibroblasts, leukocytes,
or serum using synthetic substrates available commercially.?4?
Technology for demonstrating this condition prenatally is available.

5.10.8 Glycosaminoglycan Lysosomal Storage Diseases

The mucopolysaccharidoses are only one group of conditions
where deposits of glycosaminoglycans are found in the lysosomes. The
sphingolipidoses (discussed in detail in Volume 2, Chapter 3), are
another example of this condition. They are grouped together for con-
venience since they concern the metabolism of globoside and related
glycolipids. These are also deficiencies of some lysosomal carbohy-
drases.

In generalized gangliosidoses and Tay—Sachs disease, the ganglio-
sides Gy; and Gy, accumulate because of a B-galactosidase and hexo-
saminidase deficiency, respectively, as follows:

ceramide & Glc > (l}al %> GalNAc & Gal  (Gyy)

NANA
ceramide 2> Glc & (I}al — GalNAc (Gma, Tay-Sachs)

NANA
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Ficure 5.39 Polysaccharides found stored in the liver lysosomes of patients with
generalized gangliosidosis and Tay—Sachs disease. The enzyme defect is emphasized
by placing the monosaccharide which cannot be removed in a dotted box.

However, in addition to being unable to degrade the glycolipids, these
patients also accumulate polysaccharides; their structure is shown in
Figure 5.39.(242-2¢49)

From Figure 5.39 it can be readily seen that these carbohydrates
derive from a glycoprotein by endoglucosaminidase action (see Figure
5.29). Thus the gangliosidoses and mucopolysacchasidoses are closely related to
fucostdosts and mannosidosis. They are all manifestations of defects in
glycoprotein metabolism which results in storage of heterosaccharide
complexes in the lysosomes. Thus they are all lysosomal storage diseases.
Another example of this generalization is the condition which results
from the inability to hydrolyze the last N-acetylglucosamine from the
asparagine residue attached to a glycoprotein polypeptide chain (see
Figure 5.29). This results in a severe lysosomal storage disease, resem-
bling the most severe cases of Hurler’s syndrome. This disease is called
aspartylglucosaminuria.

5.10.8.1 Aspartylglucosaminuria

In Figure 5.29 it is pointed out that an endo-g- N-glucosaminidase
cleaves most of the heterosaccharide chain from its attachment to the
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polypeptide. This usually leaves one or two monosaccharides still
attached to the polypeptide chain. In Figure 5.29, fucose is then
removed leaving only N-acetylglucosamine attached to an asparagine
residue. To cleave this last sugar from the polypeptide requires N-
aspartylglucosaminidase (E.C. 3.5.1.26). A deficiency of this enzyme
was first demonstrated in two mentally retarded siblings who had
excreted large quantities of N-acetylglucosaminylasparagine (GlcNAC-
Asn) in the urine.?*® Subsequently, this disorder was diagnosed in
Finland?46-2¢" and the United States.®*® It is referred to as aspartyl-
glucosaminuria or AGU. AGU, in Finland, occurs in 1 0f 26,000 live births.

Symptoms of AGU resemble those of Hurler’s disease. Features
are coarse, and there is the typical visceromegaly and swollen lysosomes,
vacuolated lymphocytes, impaired speech and motor clumsiness.
Connective tissue lesions include dysostosis multiplex, umbilical hernia,
and hypermobile joints. The cardiac symptoms of Hurler’s and
Hunter’s disease are present with mitral insufficiency.

The major tissue change, as observed with the electron microscope,
is enlargement of the lysosomes. Kupffer cell and kidney lysosomes
are also involved.?#5-2¢9 Fibroblasts from skin biopsy also show de-
posits resembling the mucopolysaccharidoses. The cytoplasm of the
neuronal cells from the cerebral cortex, cerebellum, and thalamic
regions are filled with membrane bound vacuoles of electron-lucent
granular material and electron-dense membranous or granular material
with occasional lipid droplets.?*® The variety of lysosomal changes seen
in aspartylglucosaminuria exceeds that seen in the mucopolysacchari-
doses discussed above.

Reduced amounts of the enzyme N-acetylglucosaminyl-aspart-
amidohydrolase  [2-acetamido-1-(B-L-aspartamido)-1,2-dideoxy-8-D-
glucose aspartamidohydrolase, E.C. 3.5.1.26] have been demonstrated
in leukocytes, seminal fluid, brain, liver, and spleen.?49-25) Measure-
ment of the enzyme in cultured fibroblasts permits detection of hetero-
zygotes and the condition can be detected prenatally.®®® The urine
contains substantial amounts of glycoasparagines other than the
simple GlcNAc-Asn compound. These are shown in Figure 5.40.¢25®

5.10.8.2 The Mucolipidoses (ML) : Neuraminidase Deficiency

Certain lysosomal storage diseases which result in the deposition
of mucopolysaccharides in the lysosomes have been designated muco-
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Ficure 5.40 Glycoasparagine containing heterosaccharides from the urine of
patients with aspartylglucosaminuria.

lipidoses. These conditions are distinct from the sphingolipidoses and
related diseases in that the urine contains glycosaminoglycans but not
lipid—carbohydrate complexes. In this group of diseases, there are at
least four syndromes which resemble each other. These are labeled
ML-I, ML-II, ML-III, and ML-IV. All are characterized by increased
excretion of heterosaccharides containing high concentrations of sialic
acids. Lysosomal deposits are also rich in sialic acid. All show deficiency
of a- N-neuraminidase, at least in some tissue. Clinically, all these diseases
resemble Hurler’s syndrome of various degree of severity. (2542552

In ML-I, the condition is generalized. Abnormal storage of glyco-
protein and/or glycolipids occurs in neuronal, mesenchymal, and
visceral tissue.(?56-25" The only enzyme defect is in lysosomal - N-acetyl-
neuraminidase, determined in cultured fibroblasts. Clinically, the
disease resembles a severe type of Hurler’s syndrome, with skeletal
dysplasia, neurodegeneration with progressive ataxia, impaired speech
and mental retardation. Death usually occurs before the end of child-
hood. These patients show the cherry red spot seen in Tay—Sach’s
disease. The urine contains numerous different heterosaccharide
fragments containing sialic acid. Typical structures are shown in
Figure 5.41.

In contrast to ML-I, ML-II and ML-III show enzyme defects not
only in a- N-neuroaminidase but in other hydrolases as well. In addition,
the disease is limited to certain tissues and lysosomal deposits are found
only in the fibroblast cultures.

Clinically, mucolipidoses II and III resemble severe and milder
forms of Hurler’s disease. Mucolipidoses II, also called inclusion cell
(I-cell) disease, is the more severe condition with severe mental
retardation, hepatomegaly, cardiomegaly, recurrent upper respiratory
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Ficure 5.41 Typical sequences of heterosaccharides found in the urine of patients
with the mucolipidoses. NANA represents o- N-acetylneuraminic acid.

infections, and umbilical hernia. All these conditions are progressive.
Corneas remain clear. Most of these patients die before 6 years of
age.@56-25 Mucolipidosis IV is distinguished from the others by the fact that
these patients develop cloudy corneas.?° In other respects it resembles
ML-I.

Mucolipidosis III is the most common of the conditions. Patients
with mucolipidosis III can survive to adulthood. They develop the
coarse facies and skeletal changes typical of Hurler’s syndrome, with
stiff joints, claw hands, severe changes in the lung structure, and the
murmur of aortic regurgitation.?*® They are mentally retarded, and
are usually assigned to the ungraded class in school. Cases have been
reported where patients with mucolipidosis III have raised large
families, (258259

Both conditions are inherited as autosomal recessives. The genetic
relationship between mucolipidoses IT and III is unknown, but it is
apparent that they are variants of the same disease,(258-260

A remarkable characteristic of the mucolipidoses is the marked elevation of
lysosomal hydrolases in the serum. This includes almost all the hydrolases
involved in carbohydrate metabolism including, «-L-iduronase,
iduronate sulfatase, B glucuronidase, N-acetyl-B-hexosaminidase, aryl-
sulfatase A, B galactosidase, « mannidase, and «-L-fucosidase. It is as
though the lysosomes were disintegrating and dumping their contents
into the body fluids. For this reason some have proposed a defect in the
cell wall of the lysosomes as the cause of the disease. This has not been
confirmed.(258-260)

In contrast to their high concentration in body fluids, the concen-
tration of the hydrolases in connective tissue and fibroblasts is very low.
As a result, mucopolysaccharides and glycolipids accumulate in fibro-
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blast cultures. This can be demonstrated in tissue culture.?®V The
fibroblasts of these patients tend to crack up on freezing because of an
apparent defect in the cell membrane.

Sialyl polysaccharide derivatives are present in high concentration
in the urine of patients with the mucolipidoses (seven to eight times the
normal).?¢? In Hurler’s syndrome, sialoglucides are not elevated to
more than two to three times the normal. In addition, deficiency in
neuraminidase in fibroblasts and leukocytes has been reported in the
mucolipidoses.63:264 Sjalic acid levels are also increased three- to
fourfold in cultured fibroblasts from patients with ML-II syndrome. 263
Furthermore, the lysosomal hydrolases excreted by ML-II fibroblasts
have an abnormal electrophoretic mobility as compared to the normal
which is corrected with neuraminidase. This has suggested that the muco-
lipidoses are primarily a neuraminidase deficiency in connective tissue. The
hydrolases elaborated contain excessive amounts of sialic acid, which
normally would be removed. This increases their solubility and
tendency to move out of the cells into the surrounding circulating fluids.
The low concentration of hydrolases remaining in the lysosomes then
causes polysaccharides to accumulate in the lysosomes of the connective
tissue since they cannot be metabolized.

Diagnosis of the mucolipidoses is made by clinical findings of
symptoms resembling Hurler’s disease without excessive amounts of
the mucopolysaccharides in the urine. The disease is confirmed by
measuring N-acetyl-B-hexosaminidase and arylsulfatase A levels in
serum. These should be elevated to about three times the normal.
Prenatal diagnosis has been made by measuring the elevated enzyme
levels in the amniotic fluid. The serum electrophoretic isoenzyme
patterns of B hexosaminidase are abnormal.?6® Sialic acid levels
measured in urine are helpful.

5.11 PROTEOGLYCANS

For centuries, bone and cartilage extracts were made for nutritional
purposes (jellies) and glues. Interest was shown only in the collagen
component of cartilage. Toward the end of the 19th century, attention
was directed to acid-insoluble organic substances and it was discovered
that these could be extracted from cartilage with dilute alkali. They
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were, therefore, acids. In addition, they contained a high percentage
of carbohydrate. Since they contained ester sulfates these compounds
were labeled chondroitin sulfates, from the Greek chondros meaning
cartilage.(266-268)

For the next 50 years, intensive studies were made on the structure
of the chondroitin sulfates (now also called mucopolysaccharides, since
related substances were found in mucins). During all this time, very
little attention was paid to the polypeptides to which the mucopoly-
saccharides were attached. It was tacitly assumed that the muco-
polysaccharides were synthesized and attached to a polypeptide to
form a proteoglycan. The polysaccharide portion of the proteoglycan was
then sulfated and subsequently split from the proteoglycan. The sulfated
polysaccharide then reacted with collagen to form a polar bond.#¢9

This assumption was supported by the observation that chondroitin
sulfates coprecipitated with collagen to form insoluble striated fibers
seen in cartilage, with the striated fibers 640 A apart. For this reason,
chondroitin sulfates were always purified by treatment with proteolytic
enzymes to remove any adhering polypeptides (impurities). In spite of
this treatment, it was always difficult to remove the serine residue
clinging to the chondroitin sulfate.7%-271

A new approach was taken in the 1950s when attempts were made
to isolate the chondroitin sulfate-polypeptide complex intact by
extracting with water or dilute saline.?’® These studies culminated in
1968 with the isolation of the chondroitin sulfate polypeptide. This was
done by extraction with 4 N guanidine sulfate which serves to break the
hydrogen bonds binding protein—chondroitin complexes to each
other.(272-278)

The compounds isolated then came to be called protein polysac-
charides, to distinguish them from the glycoproteins. Unlike the glyco-
proteins, they were sulfated and had been oxidized to form uronic
acids. It was established soon that these mucopolysaccharides existed
in covalent linkage with the polypeptides.‘273-27%

In 1970, a review of this field appeared entitled ‘“‘Protein Poly-
saccharides of Cartilage.”” ?6®) At that time, the generic name glycos-
aminoglycans was introduced and used internationally for what had
been called the ckondroitins or mucopolysaccharides. Only 3 years later, the
term protein polysaccharides, which emphasizes the carbohydrate moiety,
was replaced by the term proteoglycans, which stresses their existence as
proteins.(267
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The average proteoglycan molecule, also called proteoglycan
subunit (PGS), has a protein core of a molecular weight of about
200,000 and length of about 340 nm. To this core are attached about
100 chains of chondroitin and 50 chains of keratan sulfate; 90%, of the
proteoglycan subunit is carbohydrate and only 10%, polypeptide. The
molecular weight of the keratan sulfate is about 4000-8000 and of the
chondroitins about 20,000. The total molecular weight is about
2.5 million.75-27D

The repeating dipeptides of the glycosaminoglycan in cartilage are
attached by a series of monosaccharides to serine of the polypeptide
chain.275-279 This series comprises xylose attached to serine, followed
by galactose, another galactose, galacturonic acid, and then the
repeating unit, glucuronate — N-acetylgalactosamine, of chondroitin
sulfate. The sulfate esters are at the 4 or 6 position. For dermatan
sulfate, the repeating unit is iduronate—AN-acetylgalactosamine
(Figure 5.33). Thus, the sequence for the core polysaccharide structure
is

repeating disaccharide — GIcUA — Gal — Gal — xyl —
serine — (polypeptide)

This structure is elaborated in Figure 5.42. In cartilage, keratan sulfate
is linked to the serine or threonine residues of the core protein by
N-acetylgalactosamine.®™"

5.11.1  Proteoglycan Aggregates

It had been known for some time that articular cartilage contained
substantial amounts of chondroitin sulfates and hyaluronic acid and
lesser amounts of keratan sulfate. Studies with the electron microscope
coupled with biochemical studies, showed how these three substances
were bound together to form the structure of cartilage (Figure
5.43).(280.281)

The proteoglycan aggregates consist of proteoglycan subunits
arising laterally at fairly regular intervals (20-30 nm) from the opposite
sides of an elongated filamentous structure made up of hyaluronic acid,
which ranges in length from 400 to 4000 nm.

The fragment of the proteoglycan adjacent to the hyaluronic acid
binding site contains the keratan sulfate. The chondroitin sulfate chains
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Ficure 5.43 Schematic illustration of the structure of a proteoglycan aggregate.
The polypeptide core is attached to a central hyaluronate filament. Attached to the
polypeptide core are clusters of chondroitin sulfate chains. As the filament is
approached, single short strands of keratan sulfate extend from the polypeptide
chains. See Figure 5.44.

are further out, on the polypeptide chain. A schematic representation of
this arrangement is shown in Figure 5.43. Figure 5.44 is an electron
micrograph of a proteoglycan aggregate.

In cartilage, the core polypeptide and chondroitin chains of the
monomer structure shown in Figure 5.43 tend to polymerize, the
suspended chains entangling each other into a semi-rigid structure.
This can be disentangled with 4 N guanidine salt solution at pH 7.4,
which breaks the hydrogen bonding and solubilizes the monomers.
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Ficure 5.44 Proteoglycan—proteohyaluronate aggregate from bovine articular
cartilage with 77 proteoglycan subunits arising from a filamentous backbone
(hyaluronate), 1700 nm in length. Electron, dark-field, micrograph of proteoglycan-
cytochrome-¢ complex. (Courtesy of Lawrence Rosenberg, Montefiore Hospital
and Medical Center, Bronx, New York.)
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In the cornea, the keratan sulfate is bound to the core polypeptide, not to
serine, but through N-acetylglucosamine to asparagine, as in the glycoproteins of
plasma (see Figures 5.3 and 5.4).282-28 Cartilage keratan sulfate is bound
to serine or threonine of the core polypeptide through N-acetylgalacto-
samine, as mentioned above.

Heparan sulfate, which occurs in many tissues of the body, is also a macro-
molecular complex attached to a common protein core, as determined in brain
proteoheparan sulfate.?®® The heparan sulfate in the brain is a polymer
of a disaccharide of glucuronate and glucosamine sulfates, sulfated
at the nitrogen and at the 6 position of the glucosamine. Thus, it is
also a proteoglycan. The polypeptide core contains serine and glycine
in equimolar proportions.28%

The proteoglycan structure of the neutral hyaluronate filament,
to which the hyaluronic acid proteoglycans are attached, is still
uncertain in 1979. The hyaluronate filament seems to be a single
unbranched polymer attached to a protein differing from the other
branched proteoglycans attached to it (Figure 5.43).(286.287

5.11.2  Proteoglycan Synthesis

Almost every cell of the body has the capacity to synthesize proteo-
glycans. The mechanism of synthesis is similar to that described for the
glycoproteins (see Section 5.4). The core protein is synthesized, and
carbohydrates are then attached.(278:279.288) Retinol and dolichol are
involved, and vitamin A deficiency results in impaired synthesis of the
proteoglycans and disintegration of the cartilage.

The monosaccharides are transferred to the growing polysaccharide
chain by transferases, as for the glycoproteins. Xylosyl transferase,
galactosyl transferase I, galactosyl transferase II, and glucuronosyl
transferase I serve to build the core polysaccharide chain. For chon-
droitin sulfate, this is followed by the action of N-acetylgalactosaminyl
transferase I and glucuronosyl transferase I1 alternating to build the
repeating units of chondroitin sulfate.

As the polysaccharide units are added to the growing chain, the
molecules are sulfonated by ““active sulfate.”” For this, 3’-phosphoadeny-
lylsulfate (PAPS), and PAPS-transferase, are utilized (see Volume 1, pp.
180-182). In addition, sulfation factor (somatomedin) is required. Soma-
tomedin is derived from the liver by action on the growth hormone.
If viable costal cartilage is added to a tissue culture medium containing sulfate,
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the sulfate will not be incorporated unless somatomedin s present. Growth
hormone deficiency, as in the pituitary dwarf, results in defective
sulfation of chondroitin and other aminoglycosoglycans, retarding the
development of cartilage and thus the skeleton. A similar effect results
from severe cirrhosis of the liver, under which condition somatomedin
cannot be formed. It has been proposed that degenerative arthritis is
partly a somatomedin deficiency resulting from a liver degenerative
process or decrease in secretion of growth hormone. (289

In the embryo, along with the synthesis of proteokeratans and
proteochondroitins, there is simultaneous synthesis of hyaluronic acid
and collagen so as to form the cartilage structure. Hyaluronidases
appear at certain stages of embryo development. This permits break
down of hyaluronate and remolding of the cartilage as the embryo
develops. Circulatory hyaluronate removal is also necessary for cell
differentiation and tissue construction.®®

Proteoglycans synthesized by chondrocytes can be extruded so as
to form cartilage (see Figures 5.6 and 5.7). On the other hand, proteo-
glycans and the glycosaminoglycans can be incorporated into cells such
as fibroblasts by pinocytosis.2%D

The structure of the glycosaminoglycans and proteoglycan mole-
cules vary, even when being synthesized by a single cell, because of the
lack of precision in building the carbohydrate chains. This results in the
heterogeneity of the synthesized proteoglycans and glycosaminoglycans
as has been observed with the glycoproteins.(292-299

Proteoglycan fragments which are formed with tissue destruction,
as in injury or disease, need to be metabolized. For this purpose,
carbohydrases are present, which serve to disintegrate and solubilize
the carbohydrate fragments. Hyaluronidase is one such example.
Various cathepsins present in liver and other tissues serve to hydrolyze
the polypeptide core.?°® Healthy viable cartilage is protected from the
cathepsins, since the intricate entanglement of chondroitin sulfate
chains acts as a barrier to its action.

5.11.3  Function of Proteoglycans in Health and Disease

In different tissues, the type of glycosaminoglycan being synthe-
sized varies also and the proportion in which their proteoglycans form
a structure by complexing with collagen and elastin.
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There are three major types of cartilage: fibrous, elastic, and
hyaline. Fibrous cartilage is made up of parallel bundles of collagen
fibers. Elastic cartilages are networks of fibers containing collagen and
elastin. Hyaline cartilage is made up mostly of proteoglycans. In
hyaline cartilage, only after removal of the proteoglycans by trypsin
and alkali can the collagen fibrils be seen.

Cartilage may be easily deformable as skin or tendon, or it may
have the hardness of bone cartilage. With advancing age, costal
cartilage increases in stiffness. Cartilage, such as that of the vertebral
disks, becomes dehydrated as the patient ages. This does not reflect
changes in the osmotic properties of the proteoglycans but changes in
their state of cross-linking and polymerization.2®®

Recent developments in our understanding of the structure of
collagen has stimulated greater interest in the study of the biochemical
changes which take place in cartilage in disease processes such as
osteoarthritis. Although the subject is too novel for its applications to be
apparent, questions are raised here which can be studied in the light of
our recently acquired knowledge of the chemistry of the proteoglycans.

Joint cartilage can be damaged by trauma, inflammation, and
mechanical or biochemical factors. A similar sequence of events can
be produced by any of these factors. Osteoarthritis which results is
therefore a heterogeneous disease. The earliest lesions seen in arthritis
are on the surface of the cartilage. Alterations in the deeper zones with
the distintegration of cartilage-forming clefts is progressive. The final
phase is a failure of the reparative process, resulting in disintegration of
the matrix, cell death, and total loss of cartilage integrity.*” As the
disease progresses, the rate of polysaccharide and DNA synthesis
decreases. The cartilage which is synthesized shows formation of
immature proteoglycan monomers, as indicated by alterations in the
percentages of keratan and chondroitins being synthesized.(298-299
Cathepsins and other hydrolases are then released from the lysosomes
which attack the partially degraded proteoglycans.

Where the disease is complicated by bacterial infection and
inflammation, hyaluronidases are secreted by the bacteria which serve
to disintegrate the filaments on which the proteoglycans are attached
leading to disintegration of the tissue.

In rheumatic fever and rheumatoid arthritis, the inflammation
affects not only the joints but also the proteoglycans of which the heart
valves are formed, resulting in the typical heart defects observed with
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these diseases. This has been repeatedly referred to in discussing the
various mucopolysaccharidoses.

In peridontal disease, the cartilage supporting the teeth depoly-
merizes and disintegrates causing loosening and loss of the teeth. This
occurs from trauma, as with malocclusion where excessive pressure is
exerted at a particular point. More commonly it occurs with aging.
The cause of this could possibly be connected with the decrease
in liver function with age and decreased conversion of growth
hormone (somatotropic hormone, STH) to the sulfation factor,
somatomedin.

Major interest has been shown over the past 60 years in the role of
cartilage in promoting mineralization of tissue and bone and teeth
formation. If fibers are made by mixing collagen and chondroitin
sulfate, both prepared from nasal septum, calcification will take place if
placed in a calcifying solution (i.e., a solution containing Ca?* and
phosphate at the concentrations of normal serum). However, calcifica-
tion does not take place in nasal septum in vivo. What factors guide the
mineralization process?

Proteoglycans bind cations such as Ca?*, Na*, K+, Mg?*, and
others. These in turn cause adherence of anions such as phosphate,
chloride, citrate, and sulfate. As a result, 909, of the NaCl in the body
is found in the cartilage and connective tissue. This serves as a huge
reservoir for NaCl, and is of major importance for animals who can
only make periodic trips to salt licks since it is distant from their food
supply. It is also probable that mineralization of bones and teeth
starts with Ca%* binding which then binds phosphate to form the
hydroxy apatite structure.

Not only in the rheumatic diseases, but in other conditions includ-
ing multiple epiphesial dysplasia®°® and cancer, such as in malignant
glial cells,®* abnormal proteoglycans are synthesized.

Another disease which deserves further study in connection with
the proteoglycans is cystic fibrosis. The end group, on the nonreducing
end of keratan sulfate is fucose. Thus in fucosidosis, keratan sulfate
appears in the urine.®°® In cystic fibrosis, increased amounts of
fucose have been reported in the urine.®®°® This relationship needs to
be explored.

The significance of the problems raised above are now being
explored in the light of our recent understanding of the biochemistry
of the proteoglycans.®%
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5.12 RECAPITULATION

Glycoproteins are proteins in which carbohydrate is attached by a
covalent bond. Proteoglycans are acidic glycoproteins where some of the
monosaccharides have been oxidized to uronic acids; they occur often
as sulfate derivatives giving them a strongly acidic character.

Almost all the plasma proteins are glycoproteins. A notable
exception is albumin. However, albumin of the hen’s egg is a glyco-
protein.

Glycoproteins are synthesized on the endoplasmic reticulum. A
sequence of polysaccharides first accumulates on dolichol or retinol
(Vitamin A). This core is transferred to a newly synthesized polypeptide
in the Golgi apparatus and additional monosaccharides are added
sequentially. Finally, sialic acid and fucose are added. In the case of the
proteoglycans, sulfation proceeds as the carbohydrate chain is being
constructed. The monosaccharides and sulfate are all added to the
growing polysaccharide by transferases, specific for each monosac-
charide or sulfate added.

The attachment of the heterosaccharide to the polypeptide chain
is to the nitrogen of asparagine or to the hydroxyl group of serine,
threonine, or hydroxylysine. The core monosaccharides attached to
each type of linkage are characteristic. To asparagine, N-acetylgluco-
samine residues followed by mannose are attached most often. The
mannose is then attached to two or three chains to form branches.
N-acetylgalactosamine is usually the monosaccharide attached to
serine or threonine. In the proteoglycans, xylose is attached to the
hydroxyl group, followed by two galactoses and then a glucuronate
residue. To this is attached repeating units of disaccharides. The
repeating units for chondroitin sulfate are glucuronate-N-acetyl-
galactosamine sulfate. For dermatan sulfate, the repeating unit is
sulfonated L-iduronate-GalNAc. For keratan, the repeating unit is
sulfonated N-acetylglucosaminegalactose.

Heparin occurs in various tissues bound to a protein and is derived
from a proteoglycan called heparan sulfate. The repeating unit in
heparan sulfate is glucuronate-glucosamine. Hyaluronic acid has a
similar sequence with the glucosamine acetylated.

In inflammation, the glycoproteins of the plasma such as «;-acid
glycoprotein, C-reactive protein, haptoglobin, ceruloplasmin, and
those of the complement and clotting system are elevated. These are
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called the acute-phase reactants or acute-phase proteins. They are all
involved with different functions in the mechanism of defense against
invading foreign bodies. Certain glycoproteins are associated with
pregnancy. These are also acute-phase reactants.

There are at least 30 glycoproteins in plasma occurring in low
concentration associated mainly with the « electrophoretic fractions of
the serum. They tend to have a high percentage of carbohydrate and
do not precipitate with dilute perchloric acid. They are referred to as
seromucoids. The term mucoprotein is usually used to indicate a glyco-
protein of high polysaccharide content, like those found in the mucus.

Glycoproteins and proteoglycans are degraded by lysosomal
hydrolases, specific for each linkage in the heterosaccharide chain.
Absence of any one of these results in accumulation of polysaccharides
in the lysosomes. This results in swelling of the lysosomes and thus of
the tissue. Accumulation of carbohydrate occurs in brain interfering
with its function. This results in mental retardation. This occurs also
with the sphingolipidoses and related diseases discussed in Volume 2
of this series.

When mannose or fucose cannot be hydrolyzed from the hetero-
saccharide, mannose- or fucose-containing polysaccharides appear in
the urine. These diseases are called mannosidosis and fucosidosis, respec-
tively. If the N-acetylglucosamine cannot be hydrolyzed from the
aspartyl linkage of the polypeptide chain, the disease is called aspartyl-
glucosaminuria.

A group of diseases occurs where the heterosaccharide chains,
attached to the polypeptide of the proteoglycans, cannot be catabolized
because of a lysosomal hydrolase defect. Hurler’s and Hunter’s syn-
drome are the prototypes for these diseases. They are referred to as the
mucopolysaccharidoses after the nature of the polysaccharide found in the
urine and deposited in the lysosomes. The mucopolysaccharides found
in the urine and tissues in these diseases are dermatan and keratan
sulfates. They are characterized by skeletal changes and characteristics
of the lysosomal storage diseases.

Another group of lysosomal storage diseases are the mucolipidoses.
In these conditions, the enzymes of the lysosomes are released into the
plasma and are therefore in low concentration in the cells. The disease
is limited to the cells producing cartilage, connective tissue, and skin.
Some evidence has been adduced to suggest a neuraminidase deficiency
in these patients.
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In inflammatory disease, the proteoglycan aggregates which make
up collagen are depolymerized. This exposes them to the action of
cathepsins and hyaluronidase which serves to cause the cartilage to
disintegrate.

A major function of the glycoproteins is for the purpose of distin-
guishing, by the defense mechanisms of the body, which cells are native
and which are the invaders. For this purpose, heterosaccharide com-
plexes are attached to polypeptides on the cell surface, unique for the
individual. These are the histocompatability antigens. Similarly, the
erythrocytes have glycoproteins bound to the cell wall which are
characteristic of the various blood groups.
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6.1 PLASMA LIPIDS: COMPOSITION

Before discussing the lipoproteins, it is necessary to identify the
nature of the lipids being transported by these proteins.

The word lipid is an all inclusive, general term, referring to com-
pounds containing carbon, hydrogen, and oxygen, where the carbon
content is high relative to the oxygen. This distinguishes them from
carbohydrates, where the oxygen content is high. Nitrogen, phosphorus,
and other elements may be present, but in lower amounts. This
distinguishes the lipids from the proteins. In general, lipids are soluble
in organic solvents and poorly soluble or almost insoluble in water.
Thus, they are said to be hydrophobic, meaning that they ‘““fear water”
or tend to be immiscible with water, or lipophilic, meaning they “like”
to be dispersed in fatty solvents.

When plasma is extracted with a nonpolar solvent, such as ether
or carbon tetrachloride, less than 16%, of its cholesterol content will
be extracted.’”> The reason for this is that the lipids are bound to
certain proteins to form the lipoproteins. In order to free the lipids from
the lipoproteins, it is necessary to add a polar solvent to break the
bonds holding the lipids to the protein. Methanol or ethanol serves
this purpose. Mixtures of ether and ethanol 1:3 (Bloor’s reagent),®
ethanol and acetone 1:1 (Schoenheimer-Sperry reagent),”® and
methanol and chloroform or toluene 1:1 (Folch’s reagents)® have all
been used to extract the lipids from plasma.

Plasma lipids include mainly cholesterol, cholesteryl esters, phospholi-
pids, glycerides, and free fatty acids. The distribution of these substances
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TasLE 6.1

Serum Lipid Levels in the Normal Healthy Adult,
Ages 18-456:®

Range, Geometric mean,
Lipid mg/100 ml mg/100 ml

Glycerides 52-141 86
Total cholesterol® 160-230 200
Free cholesterol

(unesterified) 40-55 45
Esterified cholesterol 120-175 159
Cholesteryl esters® 207-294 275
Phospholipids® 160-250 185
Free fatty acids® 7-25 15
Total lipids® 500-790 620

@ Values for true cholesterol level. Values obtained with non-
specific methodology are much higher.

b Calculated from the values for esterified cholesterol by adding
the weight of oleate.

¢ The total phosphorus minus the inorganic phosphorus multi-
plied by 25.

4 Values for freshly drawn serum; rises markedly on aging of
serum.

¢ The sum of the weight of the cholesteryl esters and free chole-
sterol, plus the glycerides, phospholipids, free fatty acids, and a
small amount of others not listed in this table (see text).

in plasma is shown in Table 6.1. It will be noted in Table 6.1 that four
values for cholesterol are given: the total, free, and esterified choles-
terol refer to the weight of cholesterol in the fractions. The value for
cholesterol esters includes the weight of the fatty acid which esterifies the
cholesterol.

The total lipid levels in plasma increase progressively from birth,
when they are 300-500 mg/100 ml, to adulthood, when they range
from approximately 400 to 800 mg/100 ml. This is a progressive
increase in all of the components. For example, in individuals who are
not obese, total cholesterol levels rise from 130-160 mg/100 ml at
birth to 180-230 mg/100 ml at 40 years of age and remain approxi-
mately constant until 65-70 years of age, when they start to decrease
together with the total lipid levels.("-®

In addition to the substances listed in Table 6.1, other lipids
occur in smaller but biologically significant amounts in the plasma.



Lipoproteins in Nutrition and Transport 185

These include the plasmalogens, the steroid hormones, the prosta-
glandins, and the sphingolipids. The sphingolipids are discussed in
Volume 2 of this series, pp. 75-110.

6.1.1  Serum Cholesterol

Cholesterol and its esters normally comprise about one-third of
the total lipid in the plasma. The structure of cholesterol is given in
the Appendix. Approximately three-fourths of the cholesterol is
esterified, mainly as the oleate, linoleate, or palmitate. The level of
cholesterol varies with age, ranging from low values on the order of
120 mg/100 ml to 150 mg/100 ml before puberty, and then rising to
180-210 mg/100 ml at age 20. Levels continue to rise so that at age
40, values range from 190 to 230 mg/100 ml. After age 60, levels
begin to fall in healthy individuals and fall to levels on the order of
120-180 mg/100 ml at old age.®-!V These values are lower than
usually reported with less specific methods used with some instrumen-
tation.

Serum cholesterol levels are markedly affected by diet, and weight
reduction by dieting will cause a drop in plasma cholesterol levels.
For example, cholesterol levels have risen in the United States from a
range of 180-220 mg/100 ml in 1930 to 200-240 mg/100 ml in 1980.
This has been directly related to a higher caloric intake because of
general prosperity and public assistance programs for the indigent.
Studies made on various populations of the world have shown that
when an individual is on a mere subsistence diet, serum cholesterol
levels can be as low as 80 mg/100 ml, as was observed in the African
Bantu.®® Among healthy overweight Americans, cholesterol levels of
240-300 mg/100 ml are not uncommon. For serum cholesterol levels
in other countries, see Table 6.13.

The serum cholesterol in man may arise from two sources. With
the diet, man ingests approximately 400 mg of cholesterol per day.?
The liver, which is the major organ where cholesterol synthesis occurs,
produces 700 mg per day in the normal adult. It must be pointed out
that almost all tissues, including muscle, skin, kidneys, and others,
synthesize some cholesterol. Thus a total of 1.1 g of cholesterol are
being generated every 24 hr. This gives rise to approximately 500 mg
of bile salts daily. About 600 mg of cholesterol are excreted daily,
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primarily as coprosterol in the stool. A major portion of the bile salts
and neutral steroids synthesized thus appear in the stool.*® Substantial
amounts of cholesterol are converted to the steroid hormones and
eventually excreted, conjugated with sulfate or glucuronide, in the
urine.

6.1.2 Plasma Free Fatty Acids

The structure and nomenclature of the fatty acids found in
biological tissue are given in Volume 2, pp. 541-546. The most com-
mon fatty acids found in human tissue are straight-chain, even-num-
bered fatty acids. These may be saturated or unsaturated. They are
listed in Table 6.2.

On electrophoresis, the free fatty acids of the plasma travel with
albumin. There are three distinct binding sites on albumin for the
fatty acids: the first binds two fatty acids, the second five, and the
third twenty, per mole of albumin. The function of this complex is to
transport the fatty acids to the sites where they are to be metabo-
lized.*%:® For this reason, albumin is often used as an additive to
maintain fatty acids in solution in i vitro experiments.

TABLE 6.2

Mean Approximate Fatty Acid Composition® of the Lipid Components of Plasma Found in
25 Healthy Adults*®

Percent of total

Cholesteryl

Fatty acid® Free acid Glycerides Phospholipids esters
Myristic, 14:0 1.8-2.4 1-2 <1 <1
Palmitic, 16:0 30-32 24-28 28-31 12-14
Palmitoleic, 16:1 5-6 5-6 1.5-2.5 4-5
Stearic, 18:0 13.5-18 4-6 15-17 1.5-2.2
Oleic, 18:1 30-35 43-48 14-17 20-23
Linoleic, 18:2 9-11 12-18 22-25 50-55
Eicosatrienoic, 18:3 1-2 <1 2-4 <1
Arachidonic, 20:4 <1 <1 8-12 5-7

¢ Only the most abundant fatty acids are listed.
® The first number represents the number of carbons, the second (after the colon) the
number of double bonds (see Volume 2, pp. 541-543).
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The free fatty acid level in serum does not exceed 25 mg/100 ml in
the normal individual. Because of the presence of lipases in normal
serum, these levels may be found to be as high as 60 mg/100 ml, if the
serum is allowed to stand at room temperature overnight. This is due
mainly to hydrolysis of the glycerides in the plasma on standing.®:®

It can be seen from Table 6.2 that the most abundant free fatty
acid in the human plasma is oleic, which comprises about 33%, of the
total. Next in abundance is palmitic acid, at the 259, level. Linolenic
makes up approximately 10-20%, of the free fatty acids, different
values being reported by different investigators. The higher value is
probably correct because of the tendency to obtain low values on analysis,
owing to the ease with which linolenic acid is destroyed during process-
ing. Other acids occur in small amounts, the most abundant of this
group being palmitoleic (3%,) and arachidonic (1.5-5%,). It is noteworthy
that in both human plasma and cerumen (ear wax) the odd-numbered carbon (C-15)
saturated acid, probably derived by elongation of leucine and isoleucine chains, has
been consistently reported to appear in the gas chromatogram of the free fatty
acids.A*18 Typical distribution of the free fatty acids is listed in
Table 6.3.

Hormonal Control of Plasma Free Fatty Acid (FFA) Levels

The free fatty acids of plasma are in dynamic exchange with the
adipose tissue. This is regulated by certain hormones. For example,
insulin administration is followed by a rapid fall in plasma FFA

TaBLE 6.3
Plasma Free Fatty Acid Distribution Observed with Methyl Esters by Gas Chromatography®®

Fatty acid® Percentage Fatty acid Percentage
12:0 (Lauric) 1.0 (Linoleic) 18:2 20.0
14:0 1.5 18:3 1.5
14:1 (Myristic) 1.0 20:0 1.0
15:0 5.2 20:3 1.5
16:0 (Palmitic) 25.0 (Arachidonic) 20:4 3.5
16:1 (Palmitoleic) 3.1 24:0 0.3
18:0 (Stearic) 2.0 24:1 0.3
18:1 (Oleic) 33.1

@ The first number represents the number of carbons, the second (after the colon) the
number of double bonds (see Volume 2, pp. 541-543).
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levels, whereas adrenaline causes a marked rise of plasma-free fatty
acid levels.2"2D Glucose metabolism is stimulated by insulin. This
generates glycerol which esterifies the fatty acids and causes them to
deposit as triglycerides. Insulin also has the property of inhibiting
the hormone-sensitive triglyceride lipase (HSTL), or simply hormone-sensitive
lipase (HSL), of the tissues which on activation hydrolyzes the trigly-
cerides. Thus the fatty acids are prevented from leaving the fat depots
by insulin. Prolactin, in large doses, has an effect similar to insulin.

Although insulin causes a lowering of the free fatty acid levels of
plasma, other hormones, such as ACTH, TSH (thyroid-stimulating
hormone), both « and B melanocyte-stimulating hormone (MSH),
growth hormone, vasopressin, adrenalin, noradrenalin, and glucagon
have the opposite effect, causing a rise in plasma FFA levels.??
These substances all stimulate the activation of the hormone-sensitive
triglyceride lipase (HSTL) directly or indirectly.®® It is claimed by some
that the effect is more an interference in the esterification of the FFA,
which results in the increased plasma FFA levels. For a discussion of
the lipases in the human, see the Appendix.

The prostaglandins inhibit the fat-mobilizing action of nor-
adrenaline, corticotrophin, glucagon, and the thyroid-stimulating
hormone.?4:2% Noradrenalin and corticotrophin activate adenyl
cyclase in adipose tissue, causing the formation of cyclic AMP. Cyclic
AMP activates the lipolytic enzyme.2®:2D It appears that the prosta-
glandins, especially PGE,, inhibit the action of adenyl cyclase and thus
the synthesis of cyclic AMP.4:29 In support of this concept, cyclic
AMP-induced lipolysis is not inhibited by PGE,. These observations
are summarized in Figure 6.1, HSTL signifying the active form of the
hormone-sensitive triglyceride lipase.

The methylated xanthines, such as caffeine and theophylline
block the action of the phosphodiesterase which hydrolyzes cyclic
AMP.@® This prevents cyclic AMP destruction, causing an elevation
of cyclic AMP. As a result, the level of hormone-sensitive triglyceride
lipase (HSTL) increases, resulting in hydrolysis of the deposited
triglyceride in the adipose tissue. Thus, the drinking of coffee or tea
causes a rise in the FFA level of the plasma.

Hormone-sensitive triglyceride lipase hydrolyzes the triglyceride
to the diglyceride. The diglyceridases and monoglyceridases normally
present in adipose tissue are not responsive to hormonal action. Thus

it is felt that the hydrolysis by HSTL of the triglyceride to the diglyceride is the
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active HSTL® mono and diglyceride FFA +
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Triglyceride
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Ficure 6.1 Schematic representation of a proposed mechanism for control of
plasma level of the free fatty acids (FFA) by control of HSTL activity, HSTL*
signifies the activated form of the hormone-sensitive-triglyceride-lipase.

step under hormonal control.*® The thyronines (T3 and T,) act in many
different ways in counteracting fat deposition. Not only do they
stimulate formation of cyclic AMP but they also interfere in its hydrol-
ysis by phosphate diesterase. Thus, intake of tetra- or triodothyronine
results in an increased plasma FFA level.??

6.1.3  Neutral Plasma Glycerides

The term glycerides refers to esters and ethers of glycerol. This
includes the glycerophospholipids, mono-, di-, and triacyl glycerides, and
plasmalogens. The glycerides other than the phospholipids are called the
neutral glycerides. The neutral glycerides are found in the B, pre-8, and
chylomicron regions on the electrophoretic pattern.

On hydrolysis, the glycerides yield mainly oleic, palmitic, and
linolenic acid. These three acids account for 80-94%, of the fatty
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I
(ﬁ CH—O0—C—(CHj);4,—CH; (a) 1
CH;,—(CH,)7—CH=CH—(CH,)7—C—O—(%H (l) (B) 2
CH—O—A—(CH,)I,—CH:, («’)3
1-Palmityl-2-oleyl-3-stearyl- L-glyceride
(«-Palmityl-B-oleyl- «-stearyl- L -glyceride)

Ficure 6.2 Structure of a typical mixed, neutral triglyceride.

acids combined with glycerol. The neutral glycerides may contain
only one kind of fatty acid. Triolein and tristearin contain only oleic
acid and stearic acids, respectively. Or they may be mixed. A mixed
triglyceride is labeled as shown in Figure 6.2.

When referring to the neutral glycerides, the expression frigly-
cerides is used most often, even though mono- and diglycerides are also
present.

The plasma triglyceride level varies widely, ranging from about
50-150 mg/100 ml when fasting, to several thousands about 1 hr
after a fatty meal. In the latter case the plasma is turbid.(@8-29

6.1.4  Phospholipids

The phospholipids are derivatives of phosphatidic acid (Figure
6.3). Phosphatidic acid forms phosphate esters with a number of
compounds having an hydroxyl group, such as ethanolamine, choline,
inositol, glycerine, and serine. To this list must be added the plasma-
logens, where a hemiacetal is formed at the 1 position of glycerol which
is then dehydrated to form a vinyl ether in place of an ester. Reduction
of the vinyl group results in phospholipids with ethers at position 1.
These are also not uncommon. The spingomyelins, which are also
phospholipids, are discussed in detail in Volume 2 of this series, pp.
96-98. Table 6.4 lists the types of fatty acids found in the phospholipids.
Note that the fatty acids in position 2 are mainly unsaturated, except
for phosphatidyl! inositol.

Phospholipids are usually estimated in serum by assaying for total
and inorganic phosphorus and subtracting the value for inorganic
phosphorus from the total. The resultant number is multiplied by 25.
This factor is obtained from the percentage of phosphorus in lecithin.
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Ficure 6.3 Typical phospholipids. R at position 1 are usually saturated and R at
position 2 are usually unsaturated chains.

TABLE 6.4
Distribution of Fatty Acids in the Plasma Phospholipids

Glycerol Phosphatidyl

Position Diacyl® Plasmalogens ether?® inositol®
1 95%, saturates 909, saturates 809, saturates 807, saturates
2 959, unsaturates 99%, unsaturates 99%, unsaturates 807, saturates

@ Includes lecithins, cephalins, and phosphatidyl serines.
® Unsaturates in the 1 position are mainly oleate.
¢ Saturates are mainly stearate.



192 Chapter 6

For example, total phosphorus = 12 mg/100 ml, inorganic phos-
phorus = 3 mg/100 ml; the difference, 9, multiplied by 25, equals
225 mg phospholipid per 100 ml serum. In serum from healthy adults,
phospholipid values range from 150 to 290 mg/100 m].®0-32

Phospholipid Functions

As background for the discussion of the role of the lipoproteins in
health and disease, the functions of the phospholipids in the human are
summarized here.

1. Phospholipids are major constituents of the cell membranes in the body.
In the erythrocyte, a bimolecular layer of phospholipid is formed with
the lipid portions within the membrane and the polar portion (e.g.,
phosphocholine) on both sides of the membrane. When experimental
films of phospholipids are made, they can be demonstrated to take this
form.® This is shown in Volume 2, Figure 2.8, p. 47. (See also Figure
6.14.)

2. Lecithins and cephalins serve as emulsifying agents to maintain the blood
lipids in homogeneous form. In lipoid nephrosis, for example, blood lipid
levels may reach as high as 4000 mg/100 ml. However, if the phospho-
lipid level is proportionately high, the plasma will remain clear. In
other patients, with mild elevation of plasma lipid levels, the lipids
will separate and rise to the surface if the plasma is allowed to stand.
In these cases, it is found that the phospholipid level is not elevated in
proportion to the total lipid concentration. (See Section 6.5.4 under
hyperlipoproteinemias, and Figure 6.19, Type 1.)

Lecithin serves a similar purpose in egg yolk. Lecithin is also used
commercially as a natural emulsifying agent, and is added to various
products especially chocolate. With this function, the phospholipid
level, and the character of the phospholipids in plasma are undoubtedly
related in some way to cholesterol deposition in the blood vessels and
atherosclerosis.

3. In blood coagulation, factor 3 of the platelets is a phospholipid. This
lipid is of the ““cephalin’’ type where the amino group of ethanolamine
is not methylated. Phosphatidyl serine seems also to serve this purpose.
However, if pure synthetic compounds are used they are not as effective
as natural ‘“phospholipid.”” Mixtures of synthetic lecithin, cephalin,
and phosphatidic acid have been claimed to be as effective as the
natural lipid extract of the platelet.®®
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4. Lecithin serves as a source for the esterification of cholesterol. The
enzyme lecithin—cholesterol acyltransferase (LCAT) occurs in human
plasma. This enzyme mediates the transfer of the fatty acid from the g
position of lecithin (mainly oleic or linoleic) to cholesterol to form
cholesterol esters and lysolecithin.®®

lecithin—cholesterol
acyltransferase

lysolecithin + cholesterol ester
(E.C. 2.3.1.43)

lecithin + cholesterol

When blood is first drawn, the percentage of cholesterol is about
25%. As it stands, because of the presence of LCAT, and lecithin
normally present in serum, it drops to 18%,. Thus in analyzing for free
cholesterol one needs to use fresh serum.-®

5. Phospholipids serve to form micelles with the fats in the intestine.®®
This is a major factor in facilitating fat absorption.

6.2 LIPOPROTEINS

The first reports on the appearance of distinct lipoproteins in
serum appeared in 1929.67-3® In the late 1940s, motivated by studies
on atherosclerosis, it was shown with the ultracentrifuge, that the
plasma lipids were bound in a stable union to certain proteins.®®®
At that time, this observation was considered remarkable since the
mechanism for that type of binding was not apparent. These proteins
were designated lipoproteins. It soon became apparent that the plasma
lipoproteins served to transport cholesterol, glycerides, phospholipids,
and fatty acids in the plasma, from sites of absorption and synthesis, to
sites of utilization or storage.

At that time, the analytical ultracentrifuge had become available
commercially, and extensive studies were being carried out measuring
the sedimentation rate of various proteins as an aid in the study of their
molecular weight, shape, and composition (see Appendix). In the
presence of salts, these lipoproteins had a tendency to float, rather than
sediment. By judicious selection of salt concentration, it was possible to
separate them from each other and from sedimenting plasma proteins.
A flotation rate (S,), by means of which they could be characterized,
was then defined.“%4 The flotation Svedberg unit is 1 x 10713
cmsec~!dyne ! g, in an NaCl solution of 1.063 density at 26°C.
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This concentration of NaCl was chosen so that the lipoproteins would
not sediment, or would move upward. There is one exception: Albumin
binds fatty acids, as has been presented in Section 4.4.1. On cen-
trifugation in the ultracentrifuge in an NaCl solution of 1.063 g/ml
density, this complex sediments. This results from the fact that free
fatty acids make up only a small percentage of the albumin—fatty acid
complex. There are only about 15 mg/100 ml of free fatty acids in
serum as compared to 7 g/100 ml of albumin.®-®

Albumin has a density substantially higher than 1.063 and thus
sediments in the centrifugal field. Most often, the albumin-free fatty
acid complex, referred to as the very-high-density lipoprotein (VHDL), is
not considered a lipoprotein by those working in the field.?

6.2.1 The Major Lipoprotein Groups

On the basis of the density determination by ultracentrifugation,
the lipoproteins have been divided into four classes (excluding VHDL).
These are called high-density (HDL), low-density (LDL), very-low-density
(VLDL), and chylomicrons, as determined by their flotation rate (S,) in
the centrifugal field.®*® On electrophoresis, the chylomicrons stay at
the origin, the high-density lipoproteins (HDL) spread over the «;
and «, globulins, the low-density lipoproteins (LDL) move with the B
globulins, and the very-low-density lipoproteins (VLDL) migrate just
ahead of the B globulins, or in the pre-B region (see Figure 6.4). An
additional class of lipoproteins, between the VLDL and LDL, is named

TABLE 6.5

Classtfication of the Lipoproteins by Sedimentation, Compared to
Their Location on the Electrophoretic Pattern

Flotation rate, Electrophoretic

Class Density, g/ml S units location
Chylomicrons 0.95 > 400 Origin
VLDL 0.95-1.006 20-400 Pre-B
IDL 1.006-1.019 12-20 B
LDL 1.019-1.063 0-12 B
HDL 1.063-1.21 — a -
VHDL >1.21 Sediments Albumin

% At a salt solution density of 1.063 HDL stays suspended and does not
move upward.
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intermediate-density lipoprotein (IDL). This class has also been referred to
as remnants. It represents the lipoproteins of density 1.006~1.019 g/liter.
This group of proteins moves with the 8 globulins on electrophoresis.4#
As mentioned above, the very-high-density lipoprotein (VHDL) is
the albumin—fatty acid complex and is found in the albumin band on
electrophoresis. Table 6.5 summarizes this classification scheme.

Some have recommended the subfractionation of the high-density
lipoproteins into three groups, namely, HDL,, HDL,, and HDL;. The
HDL, group contains 60%, and HDL; 40%, of protein. The HDL,

FiGUure 6.4 Electrophoresis and tracing of normal serum on agarose, stained with
the lipid stain. The total lipid concentrations in this serum was 660 mg/100 ml.
Total cholesterol was 210 mg/100 ml with 269, unesterified. Phospholipids were
212 mg/100 ml.
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group is referred to as sinking prebeta. It is also designated lipoprotein
(@), Lp(a)."*® It varies in density from 1.050 to 1.120 g/ml and contains
about 279, protein. Of this about 15%, is albumin, 65%, apoB (see
below), and 209, a protein called apolipoprotein (a) or apoLp(a). It
moves with the prebeta fraction on electrophoresis. Lp(a) has been shown
immunochemically to be present in about 75%, of the population. When
present, Lp(a) is found at a level of about 15-50 mg/100 ml.*6:47

6.2.2 Composition of the Lipoprotein Classes

The major lipids associated with the lipoproteins are cholesterol
and its esters, neutral triglycerides, and phospholipids. Some sphingo-
lipids are also present, but in lesser amounts. For the chemical structure
of the lipids see Appendix. The density of the neutral triglycerides is
only about 85%, that of water, and it is expected that they would
comprise most of the chylomicrons and very-low-density lipoproteins. On
the other hand, phospholipids are esters of glycerin which contain only
two fatty acids instead of three, as in the triglycerides. In addition, they
contain the relative heavy phosphate group. For this reason their density
is significantly higher than that of the triglycerides or the cholesteryl
esters. The phospholipids contribute, therefore, to the high density of
the high-density lipoproteins (HDL). This is shown in Figure 6.5.

Figure 6.5 is an ultraviolet photograph of the lipoproteins of nor-
mal serum, as they float toward the surface, in the analytical ultracen-
trifuge.*® The U.V. absorbance of albumin (VHDL) is higher than
that of the solvent and the albumin is sedimentating. The peak is there-
fore shown reversed. It can be seen from Figure 6.5 that there is a rapid
increase in flotation rate, as the percentage of lipids in the lipoprotein
complex increases. The flotation rate is directly related to the lipid con-
tent of the lipoprotein and thus inversely to the protein content. Figure
6.5 also shows qualitatively the lipid content and composition of the
lipids in the various lipoproteins. In the figure, the phospholipids are
associated with the lipoprotein complexes of higher density, whereas the
triglycerides are associated with the lighter fractions. Cholesterol and
cholesterol esters are concentrated mainly in the LDL fraction. How-
ever, substantial amounts of cholesterol are present in the HDL fraction.
As will be seen subsequently, this distribution of cholesterol is of important
clinical significance.
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9/ 098 1.006 1.063 121

FicURE 6.5 Schematic representation of the separation of the lipoproteins in the
centrifugal field and their composition. The top portion is the U.V. diagram ob-
tained by the centrifugation of normal human serum. The figures on the bottom
(g/ml) represent the density of various fractions. The scan was obtained from normal
human serum (after Scanu®®).

From Figure 6.5 it is also apparent that only a very small amount
of protein is present in the chylomicron fraction.

In Figure 6.6 the data of Figure 6.5 are correlated with the
location of the various lipoprotein groups on the electrophoretic
pattern. The lipoproteins do not take the same relative positions in the
ultracentrifuge as they do by electrophoresis.

The four major lipoprotein classes of plasma have the following
properties. Each class comprises different sizes, increasing with a
decrease in density (Table 6.6).

1. High-density lipoprotein, HDL, o, lipoprotein, is isolated in the
density range 1.063-1.21 g/ml. It includes two populations of particles,
one set of diameter 7-10 nm, and another of diameter 4-7 nm. The
lipid content is 45-559%,, with phospholipid and cholesteryl ester as
major components.
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2. Low-density lipoprotein, LDL, B lipoprotein, is isolated in the
density range 1.019-1.063 g/ml. The particle diameter is 20-25 nm.
There are at least two subclasses. A more abundant, denser variety is
referred to as intermediate-density lipoprotein, IDL. In the less dense
variety (78%, lipid) cholesteryl ester is the major component with
smaller amounts of phospholipid, unesterified cholesterol, and neutral
triglycerides.

3. Very-low-density lipoprotein, VLDL, pre-B lipoprotein, includes a
wide range of triacylglycerol-rich particles, 30-80 nm in diameter;
they contain about 90%, of lipids. The density range is from 1.006-
1.063 g/ml.

4. Chylomicrons, comprise larger particles (80-600 nm) with
80-90%, of triacylglycerol, mainly of dietary origin, in contrast with
that of VLDL, which is of mixed, largely endogenous origin. The protein
content is only 1 to 2.5%,. Density is less than 0.98 g/ml.

In preparing the apolipoproteins, the same reagents are used as
for plasma lipid assay, such as Bloor’s reagent (ethanol-diethyl ether,
3:1) or Folch’s reagent (chloroform-methanol), 1:1) to remove the
lipid from the lipoproteins to form the apolipoproteins®=* (see Section
6.2.3).

6.2.3  The Apolipoproteins

It was recognized early that there were differences in the nature
of the proteins in the lipoprotein groups. The protein present in the 8
fraction (LDL) was called B lipoprotein and then B lipoprotein. The
protein in the « fraction (HDL) was called the « lipoprotein or A lipo-
protein.® The protein in the pre-8 fraction, on electrophoresis (VLDL)
was designated as, C lipoprotein. Numerous other designations were
proposed as it became apparent that there were more than three
apolipoproteins.®®%” In 1971, a system was proposed using the
designations A, B, and C to indicate the location on the electrophoretic
pattern and Roman numerals to designate a specific apolipoprotein.?
This designation is in general use today.®1-52

With this system, two lipoproteins, apoA-I and apoA-Il were
found in the « (HDL) fraction, one apoB protein in the 8 (LDL)
fraction, and three lipoproteins, apoC-I, apoC-II and apoC-III, in
the pre-8 (VLDL) fraction. It was also noted that small amounts of these
proteins occurred as minor components in other fractions. In addition,
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a small amount of a protein called the thin-line protein (see below) was
designated D. This is also designated A-III, since it is found associated
with A-II. Another protein shown to be present in the pre-g (VLDL)
fraction was found to be rich in arginine and was first designated the
arginine-rich apolipoprotein. It is now designated, apoE lipoprotein. The
location of the various apolipoproteins are shown in Table 6.6, along
with data on the size and composition of the particles of the lipoprotein

groups.

6.2.3.1 Apolipoprotein A (apoA)

Chromatography of apo HDL on Sephadex or DEAE-cellulose
yields two polypeptides which bind lipids, apoA-I and apoA-II.®®
These constitute more than 90%, of the protein of the HDL fraction.
Of this, about 65%, is apoA-I and 25%, apoA-II. The rest are listed as
minor fractions in Table 6.6.

Human apoA-I is a single-chain polypeptide of 243 or 245 amino
acid residues, as reported in two different studies (Figure 6.7).457
The complete amino acid sequence of human apoA-I reported in these
studies differs in about 23 amino acid residues. The molecular weight
is about 27,000. There is no carbohydrate in apoA-I. ApoA-I exists
in two polymorphic forms, apoA-I, and apoA-I,. They have the same
amino acid composition and probably represent two different confor-
mations of the same molecule.

ApoA-I has a tendency to associate and is fractionated in the
presence of urea to prevent polymerization.®® Under physiological
conditions about 55%, of the molecule is in the form of the o helix, 8%,
as the B structure, and 37%, disordered.®®® The helices contain the
amphipathic structure so as to bind the lipids. The word, amphipathic
was coined to designate helices with hydrophobic and hydrophilic
surfaces on opposite sides of the helix so as to bind the lipids. The word
derives from amphi, which means around or surrounded, and path.
Thus the helix is surrounded by the lipid, binding to hydrophobic and
hydrophilic surfaces. Binding is apparently mainly to the hydrophobic
areas.(®® ‘

Human apoA-I enhances the activity of lecithin—cholesterol acyl
transferase (LCAT). This is apparently related to its property of
binding lecithin.®V
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NH,—Asp Glu Pro Pro Gin Ser Pro Trp Asp Arg Val Lys Asp Leu Ala Thr Val Tyr Val Asp-
20

Val Leu Lys Asp Ser Gly Arg Asp Tyr Val Ser Gin Phe Gin Gly Ser Ala Leu Gly Lys-
30 40

GIn Leu Asn Leu Lys Leu Leu Asp Asn Trp Asp Ser Val Thr Ser Thr Phe Ser Lys Leu-
50 60

Arg Glu Gin Leu Gly Pro Val Thr GIn Glu Phe Trp Asp Asn Leu Glu Lys Glu Thr GIu-
70

Gly Leu Arg Gin Glu Met Ser Lys Asp Leu Glu Glu Val Lys Ala Lys Val Gin Pro Tyr-
100

Leu Asp Asp Phe Gin Lys Lys Trp Gin Gin GIn Met Glu Leu Tyr Arg Gin Lys Val Glu-
110 120

Pro Leu Arg Ala Glu Leu Gin Glu Gly Ala Arg Gin Lys Leu His Glu Leu Gin Glu Lys-
130 140

Leu Ser Pro Leu Gly GIn Gin Met Arg Asp Arg Ala Arg Ala His Val Asp Ala Leu Arg-
150 160

Thr His Leu Ala Pro Tyr Ser Asp Glu Leu Arg GIn Arg Leu Ala Ala Arg Leu Glu Ala-
170 180

Leu Lys Glu Asn Gly Gly Ala Arg Leu Ala Glu Tyr His Ala Lys Ala Thr Glu His Leu-
200

Ser Thr Leu Ser Glu Lys Ala Lys Pro Ala Leu Glu Asp Leu Arg Gin Gly Leu Leu Pro-
210 220

Val Leu Glu Ser Phe Lys Val Ser Phe Leu Ser Ala Leu Glu Glu Tyr Thr Lys Lys Leu-
230 240

Asn Thr Gin—COOH
243

Ficure 6.7 The amino acid sequence of human apolipoprotein A-I.

Human apoA-II consists of a polypeptide chain of 77 residues,
which occurs mainly in the form of a dimer. The molecular weight
of the dimer is 34,800.%2 The monomer has very little ordered structure.
The dimer, however, has a globular form. The monomer and dimer are
in equilibrium with each other with an association constant of 2.3 x
10% (mol/liter) ~! at body temperature. The association is between
hydrophobic portions of the chain, and it has been suggested that
lipids compete with this association for the same sites.63:¢¥ Thus
lipid—polypeptide or polypeptide—polypeptide linkages occur. Dimeri-
zation promotes the formation of « helices, and it is probably in this
form, and in the form of higher polymers, that it functions in binding
the lipids. Like apoA-I, apoA-II has an affinity for phospholipids and
cholesterol and functions in lipid transport. The amino acid sequence of
the apoA-II chain is shown in Figure 6.8.
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PCA Ala Lys Glu Pro Cys Val Glu Ser Leu Val Ser GIn Tyr Phe Gln Thr Val Thr Asp-
5 10 15 20

Tyr Gly Lys Asp Leu Met Glu Lys Val Lys Ser Pro Glu Leu GiIn Ala GIn Ala Lys Ser-
25 30 35 40

Tyr Phe Glu Lys Ser Lys Glu GIn Leu Thr Pro Leu lle Lys Lys Ala Gly Thr Glu Leu-
45 50 55 60

Val Asn Phe Leu Ser Tyr Phe Val Glu Leu Gly Thr GIn Pro Ala Thr GIn—COOH
65 70 75 77

Ficure 6.8 The amino acid sequence of human apolipoprotein A-11. PCA stands
for pyrrolidone carboxylic acid (cyclized glutamate).

Although there are no extended hydrophobic or hydrophilic
sequences, in apoA-I and apoA-II, as can be seen from Figures 6.7
and 6.8, there are polar and nonpolar residues exposed on the outside
of the helices permitting binding to the phospholipids. Typical non-
polar residues are phenylalanine, leucine, isoleucine, and alanine.
The polar residues include aspartate, glutamate, lysine, serine, tyro-
sine, and tryptophan.

6.2.3.2 Apolipoprotein B (apoB)

The major protein of the low-density lipoprotein, LDL, g-globulin
lipoprotein fraction, is designated apolipoprotein B or apoB. It com-
prises about 20-25%, of the LDL fraction.®® The purified apolipo-
protein is only slightly soluble in water and polymerizes readily.
Molecular weights have been reported, ranging from as low as 8000
to 270,000.¢® It is claimed that the higher estimates are due to aggre-
gation of a relatively low-molecular-weight monomer. However,
several investigators have maintained that the molecular weight of
250,000 is the correct one.®™ Sequencing of this protein is impracticable
until this problem is resolved. With acrylamide gel electrophoresis,
apoB remains at the origin, as would be expected from its high molec-
ular weight.

Appreciable amounts of apoB are found in other lipoprotein
fractions, and 409, of the protein of VLDL and 20%, of the protein
in the chylomicrons is apoB.(®8-69
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NH;—Thr Pro Asp Val Ser Ser Ala Leu Asp Lys Leu Lys Glu Phe Gly Asn Thr Leu Glu Asp-
15 20

Lys Ala Arg Glu Leu lle Ser Arg lle Lys Gin Ser Glu Leu Ser Ala Lys Met Arg Glu-
25 35 40

Trp Phe Ser Glu Thr Phe Gin Lys Val Lys Glu Lys Leu Lys lle Asp Ser—COOH
45 55 57

Figure 6.9 Amino acid sequence of apoC-I.

6.2.3.3  Apolipoprotein C (apoC)

Other than apoB, there are three lipoproteins found as major
proteins in VLDL (pre-B fraction) which are labeled C. These are
now designated C-I, C-II, and C-III. ApoC-I comprises about 5-10%,
of the protein of VLDL. Some of this protein is also found in significant
quantities in the chylomicrons and HDL.

ApoC-I is a low-molecular-weight polypeptide which tends to
associate. The monomer has a molecular weight of 6630 and has
been shown to contain 57 amino acid residues (Figure 6.9).C7%-7V In
contrast to apoA-I and apoA-II, a large conformational change takes
place when apoC-I self-associates or combines with lipids. ApoC-I is an
activator of lecithin—cholesterol acyltransferase (LCAT).C"® These authors
indicate that apoC-I does not activate lipoprotein lipase as had been
reported by others.

The amino acid sequence of apoC-I is shown in Figure 6.9. The
complete synthesis of apoC-I has been reported, using the solid-state
synthetic approach.™®

ApoC-II contains 79 amino acids and has a molecular weight of
9110.% Its amino acid sequence is shown in Figure 6.10. About 23%,
of the molecule is in the form of the « helix.”® Like apoC-I, it contains

HoN—Thr Glu GIn Pro Gln Gin Asp Glu Met Pro Ser Pro Thr Phe Leu Thr Glu Val Lys Glu-
10 15 20

Trp Leu Ser Ser Tyr GIn Ser Ala Lys Thr Ala Ala GIn Asn Leu Tyr Glu Lys Thr Tyr-
25 30 35 40

Leu Pro Ala Val Asp Glu Lys Leu Arg Asp Leu Tyr Ser Lys Ser Thr Ala Ala Met Ser-
60

Thr Tyr Thr Gly ile Phe Thr Asp Gin Val Leu Ser Val Leu Lys Gly Glu Glu—COOH
65 70 75 78

FiGure 6.10 Amino acid sequence of apoC-II.
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TaBLE 6.7
Approximate Apolipoprotein Distribution in the Lipoprotein Groups

in Percent

Apoprotein Chylomicrons VLDL LDL HDL

A-I — Trace — 65-70
A-11 — — — 20-25
B 5-20 40 95 Trace
C-I 10-15 13 Trace 1-3
C-I1 10-20 13 Trace 1-3
C-III 40-50 34 Trace 5-10

no carbohydrate and is found associated with apoC-I and apoC-III,
not only in VLDL but also in the chylomicrons and HDL in small
amounts. In VLDL it comprises about 109, of the protein fraction.

Heparin releases a lipoprotein lipase into the plasma. This lipase
has also been designated clearing factor, since it will resolve lipemia (see
Appendix). ApoC-1II activates this lipoprotein lipase.™®

ApoC-I1I is the major apoC protein in VLDL, comprising about
309, of the total protein. Thus VLDL lipoprotein is made up of about
40%, apoB and 607, of the apoC proteins. ApoC-III also comprises
about 45%, of the protein in the chylomicrons and about 5-10%, of the
proteins of HDL.“"” The distribution of the proteins in the various
lipid fractions is summarized in Table 6.7,

An oligosaccharide comprising galactosamine, galactose, and up to
two residues of sialic acid is attached to the hydroxyl group of threonine
at amino acid residue 74. This can be seen in Figure 6.11 which shows
the amino acid sequence of apoC-IIL."® Three forms of apoC-III

NHz—Ser Glu Ala Glu Asp Ala Ser Leu Leu Ser Phe Met Gin Gly Tyr Met Lys His Ala Thr-
5 10 15 20

Lys Thr Ala Lys Asp Ala Leu Ser Ser Val GIn Ser GIn GIn Val Ala Ala GIn Gin Arg-
25 30 35 40

Gly Trp Val Thr Asp Gly Phe Ser Ser Leu Lys Asp Tyr Trp Ser Thr Val Lys Asp Lys-
45 50 55 60

Phe Ser Glu Phe Trp Asp Leu Asp Pro Glu Val Arg Pro Trlmr Ser Ala Val Ala Ala—COOH
65 70 75 79
CHO

Ficure 6.11 Amino acid sequence of apolipoprotein C-III. An oligosaccharide
is attached at the Thr 74.
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have been isolated: (1) without sialic acid, (2) with 1 mole of sialic
acid, and (3) with two moles of sialic acid.7®-8® ApoC-III aggregates
to form dimers and trimers. This is probably related to its affinity for
the plasma lipids.

ApoC-III has no activating effect on the various lipases, and seems to have a
nonspecific inhibitory effect on lipases in general.8-8%

6.2.3.4 Apolipoprotein D (apoD)

Apolipoprotein D (apoD) was originally referred to as the thin-
line protein, since it formed a thin precipitin line near the antigen well,
using the Ouchterlony technique with anti-HDL.®? The protein
occurs in small quantities in HDL, LDL, and VLDL. This protein has
also been designated apoA-III, since it was found first in HDL and its
properties resemble these of apoA-I1.68%

ApoD is a glycoprotein with a molecular weight of 22,700,
including 189, of carbohydrate. It contains all of the common amino
acids, and both the amino and carboxyl ends are blocked. ApoD has
been shown to be a powerful activator of lecithin—cholesterol acyl-
transferase (LCAT).®®4-8® Thus, apoA-I and apoD are involved in the
esterification of cholesterol and are coenzymes for this reaction. It has
also been suggested that apoD is a specific carrier for lysolecithin,
formed from the reaction of LCAT on HDL to transfer the unsaturated
fatty acid (linoleic) to cholesterol. Figure 6.12 illustrates the action of
lecithin—cholesterol acyltransferase (LCAT).

6.2.3.5 Apolipoprotein E (apoE)

In 1969, a protein was isolated from VLDL of normal individuals
which was distinct from the other lipoproteins in that it was rich in
arginine. It was referred to as the arginine-rich lipoprotein.®®” This
protein comprises about 17%, of the protein in VLDL. It is also present
in HDL. Its molecular weight is estimated to be from 33,000 to 39,000,
and it has been shown to have a high « helical content. Subsequently,
the arginine-rich protein was given the designation apoE.(88:89

There are three polymorphic forms shown to occur, apoE-I,
apoE-II, and apoE-IIl. They are distinguished by their isoelectric
points of 5.5, 5.6, and 5.75, respectively. Lipoprotein X is present in high
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i
H;—0—C—R’
I LCAT
R—OH + R—C—0—CH, o- EC2.31.43
I
CH,—O—‘F"—O—CH,—CHz—ﬁ(CHs)a
(0]
Cholesterol Lecithin
(o}
Il
CH,—0—C—R’
I
HO—CH, + R—O—C—CH,
(I)_
cH,--o—ﬁ'--o—cH,—cma—rﬁ(CH;,)3
(0}
Lysolecithin Cholesteryl Ester

Ficure 6.12  The action of lecithin—cholesterol acyltransferase (LCAT) in esteri-
fying cholesterol and generating lysolecithin. The fatty acid transferred is usually
unsaturated such as oleic and linoleic.

concentration in obstructive liver disease. It contains the three forms of apoE
in its composition®°-9V (see Figure 6.16).

6.2.3.6  Minor Apolipoproteins

Other apolipoproteins are present in the lipoproteins, which have
not been well characterized and whose function has not been elucidated.
An example is apolipoprotein (a) which has been known for some
time.®?

In Figure 6.5, it will be noted that there is a shoulder on the LDL
peak, on the side next to HDL. This has been designated by some as
part of HDL and is referred to as HDL,, whereas the two differently
sized particles in HDL, referred to in Section 6.2.1, are called HDL,
and HDL;. The HDL, group, commonly referred to as lipoprotein
(a) or Lp(a), contains 15%, of albumin, 659, of apoB, and an unidenti-
fied protein, apo Lp(a). It is isolated in the density range of 1.05-1.09
on centrifugation and moves with the pre-g fraction on electrophore-
sis.®® On electrophoresis, Lp(a) moves somewhat more slowly than
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VLDL. Since it contains albumin, it sediments at the density used to
separate VLDL and has been referred to as sinking prebeta.

In the normal adult, the amount of lipoprotein(a) is small (50
mg/liter when negative, and 300 mg/liter when positive). Lp(a) can be
detected immunochemically, and about 75%, of the population are
found to be positive.®%®? Its function is unknown. According to one
study, the concentration of Lp(a) does not relate significantly to
coronary artery disease.®® However, many have claimed that patients
whose serum contain Lp(a) are at higher risk for ischemic heart
disease.®3-9® Its presence or absence from a particular serum and its
concentration seems to be determined by polygenic inheritance.(®5-96)

The serum of patients with obstructive jaundice contains a lipo-
protein which moves to the cathode instead of the anode when subject
to electrophoresis in gels. This lipoprotein has been designated /lipo-
protein X (LpX).©9:100 T pX contains only 6%, protein. Free cholesterol
comprises 25%, of the molecule and phospholipids about 65%,. The
apoprotein contains about 40%, albumin, the remainder being mostly
the apoC proteins, with small amounts of apoA-I, apoD, and apoE.?D
ApoC-I and apoD are apparently on the surface of the lipoprotein X
particle, since antibodies to these proteins react with lipoprotein X.
The antigenic sites of albumin, apoC-II, and apoC-III, on the other
hand, are deep in the molecule, and do not react unless lipid is first
removed1°? (see Figure 6.16).

Under the electron microscope, lipoprotein X particles are
globular and 300-700 A in diameter. They tend to form stacks of
disklike structures (rouleaux formation) similar to that seen with eryth-
rocytes in certain diseases.1%9

Lipoprotein X is observed in patients with either acquired leci-
thin—cholesterol acytransferase (LCAT) deficiency, such as in alco-
holic cirrhosis of the liver, or in the serum of patients with a genetic
LCAT deficiency.®® In obstructive jaundice bile salts are absorbed
and appear in the serum. They strongly inhibit LCAT activity, result-
ing in a high percentage of free cholesterol and LpX formation.

Lipoprotein X has been resolved into two components, LpX; and
LpX,, with LpX; having the higher phospholipid-to-protein ratio.
Both are rigid structures because of their high free cholesterol con-
tent.(10%

A protein occurs in bile which differs somewhat from LpX in
protein-to-lipid ratio, and electrophoretic migration rate. However, if
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albumin or serum is added to this protein, LpX is formed. Conversely,
if bile salts are added to LpX, a particle with the migration rate of the
bile protein is formed. This suggests that LpX originates from bile
which is reabsorbed in an obstruction, and thus appears in the serum.%%

6.3 LIPOPROTEIN FORMATION

The liver and intestine are the major sites of plasma lipoprotein
synthesis.(195:198 The liver synthesizes only a single class of LpB par-
ticles (VLDL). The intestine secretes two classes of LpB particles,
namely, chylomicrons and VLDL. Chylomicrons and VLDL are
essentially triglyceride-laden LpB particles.

Apo-LpB is synthesized in the parenchymal cells of the liver, moves to
the Golgi apparatus, where the carbohydrate moiety is attached, and
is finally laden with phospholipids, cholesterol, and triglycerides and
then secreted and picked up by the blood stream.%® Initially, only
LpB is present. After release from the site of origin, the nascent particle
picks up other lipids, apoC, and apoE, finally forming the VLDL
particle. This is actually a secondary particle. Thus lipoprotein fractions
in plasma are in dynamic exchange with each other and with the free
circulating lipids in the plasma.

VLDL is the precursor of LDL. The fate of apo-LpB has been followed
in various ways, such as by amino acid and radioiodine labeling.(105-108
It seems that there is a stepwise delipidation of VLDL, so that the same
particle will have progressively a VLDL, IDL, and finally an LDL
composition. At first, LpC-I, C-II, C-III, and E become associated
with VLDL, as it circulates in the plasma. Subsequently, as delipida-
tion proceeds, affinity for LpCG and LpE decreases, and when LDL
reaches its final form, it has lost most of its LpC and LpE (Figure
6.13).

The lipoprotein lipase, which mediates the delipidation of the
original triglyceride-rich VLDL, is located on the capillary epithelium,
in adipose tissue and muscle.**? It is this enzyme which is released
into the plasma after intravenous injection of heparin. This is the
“clearing factor’’ or postheparin lipolytic activity (PHLA).**® In addition
to triglyceride lipase, lechithinase, monoglyceridase, and phospholipase
are also released into the plasma at the same time.*'® A lipase of
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hepatic origin, with similar amino acid composition but somewhat
different specificity than lipoprotein lipase, is also released into the
plasma at the same time.1%11® After the actions of the lipoprotein
lipase, the hepatic lipase acts to hydrolyze chylomicron remnants.

There seem to be two forms of lipoprotein lipase. One acts on
chylomicrons and VLDL and is activated by apoC-I, and the other
which is activated by apoC-II, is more effective on the smaller VLDL
particles.

The absorptive cells of the intestinal epithelium are the source of the
chylomicrons. The entire particle is synthesized within the intestinal cell.
Extrusion of the chylomicron particle into the intestitial space takes
place by reverse pinocytosis. The chylomicrons are then transported
by intestinal lymphatics to the thoracic duct and thence to the systemic
blood stream. The amount of chylomicron synthesis is a function of how
much fat is to be absorbed.

As soon as the chylomicron reaches the blood stream it is attacked
by the lipoprotein lipase and the other lipolytic enzymes and follows
the course of VLDL catabolism.

The liver also synthesizes the apo-LpC proteins and secretes them,
apparently, originally as components of HDL.(109.110,116,110 They are
then transferred to the other lipoprotein particles. LpA is synthesized by
both liver and intestine.*18:119 Thus the high-density lipoprotein
(HDL) seems to be released into the plasma independently from VLDL.
Exchange then takes place in the plasma to transfer protein and lipid
moieties between the various particles. HDL has a half-life of 4.6 days
in the human plasma.

The nascent HDL is disk shaped and rich in phosphatidylcholine
and free cholesterol. The apoproteins A-I, A-II, and C, and the phos-
phatides seem to be involved in keeping the cholesterol suspended. The
spherical shape of HDL develops in the plasma after the other com-
ponents are taken up and after esterification of some of the cholesterol
by LCAT.®2D

The major function of HDL seems to be in cholesterol transport. At
the adrenal cortex, the free cholesterol is converted to the steroid
hormones. This is stimulated by ACTH administration.*2%

Lipoprotein E is also synthesized in the liver and intestine, and
is released along with LpA and LpC in HDL.18:12D Increased plasma
LpE levels are observed when monkeys are put on a high cholesterol
diet.?2® Thus, lipoproteins A, C, and E participate in the production of
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a vehicle for cholesterol transport. These proteins are transferred to
other particles only after the HDL reaches the blood stream.

In summary, chylomicrons, LDL, VLDL, and IDL are involved
mainly in glyceride transport, HDL is a cholesterol carrier, and VHDL
(albumin) carries the fatty acids. All are synthesized mainly in the
liver and intestine.

Lipid Binding to the Apoproteins

Phospholipids are emulsifying agents. They have a polar and non-
polar part of the molecule as indicated in the following formula for
lecithin:

. O~
CH3—N—CH2—CH2—O—'1I’——O—(I}H2 (") 1 2 ...17 18
0) CH,—O—C—CH,CH, - - - CH,CH;—

ll
CH,—O—C—CH,CH, - - - CH,CH, —
Phosphocholine
(water soluble, polar) (water insoluble, nonpolar)

The molecule can thus be represented by a polar, water-soluble
(hydrophilic) head and a twin, nonpolar, water-insoluble (lyophilic)
tail. When added to water, the phospholipids will take a position at the
surface, with the head in the water and the tail in the air. If shaken to
form small particles, little globules will form which remain suspended
indefinitely. A double-molecular layer will form in which the heads of
the phospholipid are in the water, and the tails oriented toward the
center of the shell of the spherical particle. Since they all have the same
charge they will repeal each other, and remain suspended. This can
be seen in Figure 6.14 which shows a double layer of molecules.
Actually, with ordinary hand shaking a series of concentric layers, with
water in between, is formed. These can be broken up to form the type
shown in Figure 6.14, prepared ultrasonically.(123:124

On the other hand, if neutral lipid is present, then the lipophilic
portion of the phospholipid will dissolve in the lipid, and the hydrophilic
end will remain in the water. If shaken, an emulsion will form,
comprising a dispersion of globular particles (see the structure of a
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Ficure 6.14 Comparison of a dispersion of phospholipid in water (A) to the
chylomicron particle (B). When shaken by hand, the particle is made up of a
series of concentric layers, interspersed by water each 20 A in thickness. The particle
shown forms by ultrasonification. In the chylomicron, the phospholipids form a
monolayer, some of which is free and some bound to apoproteins C and E.



214 Chapter 6

Ficure 6.15 Comparison of proposed structure for HDL and VLDL particles. A
polar shell (20-30 A) formed by phospholipid and phospholipid protein complexes,
holds the particle’s spherical shape. Polar groups like the —OH groups of cholesterol
are oriented so that the polar group is in the shell. The helix is oriented so that the
hydrophilic amino acids are outside, and the lipophilic amino acids are inside, so as
to bind cholesteryl esters and triglycerides on the underside (amphipathic). The
choline phosphate portion of the phospholipids is bound to the upper part of the
helix.
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micelle, Figure 2.4). This can be seen in Figure 6.14, using the chylo-
micron as an example.

It will be noted that the particle is also stabilized by the presence of
small amounts of protein which comprise less than 1.5%, of the weight of
the chylomicrons. The distribution of the proteins in the chylomicron
1s similar to that seen with VLDL. After a fatty meal, the plasma
abounds in chylomicrons and the plasma appears turbid. By a process
of delipidation, chylomicrons are gradually reduced in size and
digested in a manner similar to that for VLDL. See Figure 6.13.

The structures of the VLDL, IDL, LDL, and HDL particles are
more rigid than that of the chylomicrons. The higher concentration of
protein permits stabilization of the 204 outer shell. This can be seen in
Figure 6.15. Apoprotein B can bind both polar and nonpolar groups,
depending upon its orientation. This is especially true for the helical
proteins A, C, and E with their amphipathic helices, polar on one side
and nonpolar on the other. Thus one side binds the phosphoethanol-
amine derivatives of the phospholipids, whereas the other side can
bind the tryglycerides and cholesterol esters.12%

In Figure 6.15 it can be seen that HDL is 50%, apoproteins A, C,
and E. This makes for a rigid particle of more uniform size than VLDL.
In VLDL, apoprotein B comprises about 40%, of the protein. As the
particle is delipidated to form LDL, the protein becomes almost
exclusively B (see Figure 6.13). The outer shell of LDL is made up
almost exclusively of phospholipids and apoprotein B, and cholesterol
is distributed mainly throughout the inner core. From the above, it
appears that HDL has a different history of formation from LDL and
VLDL.

In lipoprotein X a somewhat different structure results, largely
from the high free cholesterol content, and the presence of substantial
amounts of albumin in the core. The core, instead of being nonpolar
as in VLDL and HDL, is actually polar. The core is aqueous, and the
lipoprotein X particles resembles the phospholipid-water vesicle of
Figure 6.14. There are also some sphingolipids in the molecule. The
albumin seems to be dissolved in the aqueous core where it serves to
bind any free fatty acids and the fatty acid appendages of esterified
cholesterol, triglycerides, and the sphingolipids. ApoC-I and apoD are
on the surface as determined immunochemically. The apoC-II, C-III,
and the albumin do not react immunochemically and are buried in the
core.12® This is represented schematically in Figure 6.16.
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Ficure 6.16 Schematic model of the structure of lipoprotein X showing the
double layer. The albumin is dissolved in the aqueous core. ApoC-I and D are
detectable immunochemically and are on the surface. ApoC-I1, C-III, and albumin
are not so detectable. Lipoproteins E are also present, but in low concentrations.
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6.4 NORMAL LIPOPROTEIN METABOLISM

The concentration of the plasma lipoproteins is in a steady state,
the rate of synthesis being responsive to the rate of degradation of the
formed lipoproteins. In addition, the lipids like cholesterol, phospho-
lipids, and triglycerides exchange rapidly between lipoprotein particles
and membranes in the body.127-128 This is also true for the A, C, D, and
E polypeptides. For example, the cholesterol and phospholipids of the
erythrocyte cell wall derive directly from the lipoproteins. The exchange
of apoC proteins between VLDL and HDL can be readily demon-
strated in vitro.129

The phospholipids, cholesterol, triglycerides, and proteins of the
lipoprotein particles are transferred to the cell membranes, including the
cell walls, mitochondria, microsomes, and others. In this manner they
serve not only in the construction of the cell membrane but also as a
means for transporting lipids for metabolism, to generate energy for
cell metabolism. Along with albumin, the lipoproteins have a major roll in
supplying amino acids for protein synthesis and triglycerides as the major source
of energy in the body. The cholesterol of the lipoproteins is an important
source for the synthesis of the steroid hormones and bile salts.

From the above, it is clear that the major function of the lipopro-
teins is in cell nutrition and in supplying raw materials for the synthetic
functions of the cells. After performing their function, any remnants of
the lipoproteins complexes are processed by the hepatocytes so as to
recover residual lipids and amino acids.(30-13%

6.5 ABNORMAL LIPOPROTEIN METABOLISM

The fat stores in the body are designed to serve as the major raw
material for energy and the production of certain substances such as
the steroid hormones necessary for cellular metabolism. Any defect in
the mechanism for the release of fat from these stores, or in the mecha-
nism of depositing the lipids in the adipose tissue will have a major
effect on the well-being of the individual. Of prime importance is the
transport of these lipids from the intestine to the adipose tissue and
finally to the site of utilization. In this function the lipoproteins are of
major importance.
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There are two distinct problems in lipid metabolism. One concerns
the way fatty acids or steroids are metabolized, the other the metab-
olism of glycerol. The latter will not be dwelt on here, since it is a
problem in carbohydrate metabolism. (See Volume 2, p. 114.)

Defects in lipid metabolism may be secondary to some other
disease, such as lipoid nephrosis, diabetes mellitus, hypothyroidism
liver disease, and others. On the other hand, the defect may be of
genetic origin, specific to lipid transport or metabolism. The aberration
may concern the manner in which fatty acids are synthesized, catab-
olized, or only the mechanism of transport. These various conditions
will be presented here.

6.5.1 Genetic Defects in the Plasma Lipoproteins

Genetic defects in plasma lipoproteins can be classified into two
major groups, those which result primarily from an increase in one or
more of the lipoproteins (hyperlipoproteinemia) and those which
result in decreased concentration of a particular lipoprotein fraction
(lipoprotein deficiency). The two genetic defects which result in
decreased synthesis of a particular lipoprotein are deficiency, or
absence of apo-LpA and apo-LpB. The deficiency of apo-LpB was
discovered first and has received the most attention. This will be
presented first, therefore. Deficiency of apo-LpA and apo-LpB are
referred to as hypolipoproteinemias.

6.5.2 Hypo- and A-B-lipoproteinemia

In 1950, a new syndrome was reported in an 18-year-old girl and
subsequently in her younger brother.*3® The condition was marked
by retinitis pigmentosa, ataxic neuropathology, and malabsorption of
fat. Circulating erythrocytes were remarkable in that they resembled
in appearance the mace used by knights in combat, in that they were
crenated (having notches on the edge because of shrinkage), and had
horns projecting from their surface. These erythrocytes were termed
acanthocytes, the prefix, acantho- meaning hornlike (Figure 6.17). An
important observation was the fact that serum cholesterol levels were very low.3>

It was soon found that LDL, VLDL, and chylomicrons were
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FiGure 6.17 Types of erythrocytes seen in hypo- and a-B-lipoproteinemias. A.
normal erythrocyte; B. echinocyte; C. lymphocyte; D. close-up of unusual
spiculated erythrocyte. When the echinocyte takes a spherical form, it is referred
to as an acanthrocyte (acanthocyte).

present in only minute amounts or entirely absent from the plasma of
these patients, and the name a-B-lipoproteinemia was given to the
disease.136:138) By <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>